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FOREWORD 


Volume 220 continues in the tradition of AIME Mining Transactions volumes. Each contribution has 
been carefully appraised by a committee of readers. To qualify for publication the subject matter must be 
novel, significant and within the purview of the Society of Mining Engineers of AIME 

A total of 78 papers survived the scrutiny of the committee. These cover such subjects as: the use of 
digital computers in various phases of mine operation, new material on comminution, pipeline transporta- 
tion of solids, research on aggregate reactions in concrete, and the 1961 Jackling Lecture. 

Volume 220 sets a new high in number of contributions accepted for publication. The increase in 
quantity was achieved without compromise with quality. Each person concerned in this accomplishment 
deserves the sincere thanks of every member of SME and of AIME. As President of the Society of Mining 


Engineers of AIME I take this opportunity to express the appreciation of the membership to the authors, 
discussors and committeemen for their excellent job. 


James C. Gray, President 
November 7, 1961 Society of Mining Engineers of AIME 
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COMPUTER METHOD FOR ESTIMATING PROPER 
MACHINERY MASS FOR STRIPPING OVERBURDEN 


The author demonstrates an approach for analyzing overcasting requirements 
for a stripping project. This approach to the problem employs indicated 
trends in the relationship of the weight of the machine (only electropowered 
draglines are considered) to its ability to do stripping work. 


Ce mining in the domestic coal industry is con- 
tributing a greater proportion of overall produc- 
tion than at any time in the past. U.S. Bureau of 
Mines statistics show that the percentage of total 
production mined in 1958 by stripping methods in- 
creased to more than 30 pct, up from 22 pct in 1951. 
The tendency to favor strip and open pit mining ex- 
ists in other mining activities, but such trends are 
not as clearly outlined as in the coal industry. 

Significantly, the depth of overburden in coal prop- 
erties considered suitable for stripping is also in- 
creasing. A depth of 50 to 60 ft of overburden was 
once considered to be about the maximum amount that 
could be handled economically. Today, a depth of 80 
to 100 ft is frequently taken into consideration for 
simple overcasting operations (i.e., excavating over- 
burden and dumping it in the spoil position where it 
remains indefinitely). 

Accompanying these changes, there have been con- 
tinuing studies searching for procedures to appraise 
deeper stripping problems. Although the only known 
practicable way to accurately evaluate a proposed 
stripping venture is to make studies (including cost 
estimates) step by step, it is nevertheless desirable 
to have a quick method for making preliminary eval- 
uations of potential strip mining operations. A re- 
cently devised digital computer method of providing 
a preliminary simple overcasting analysis for a 
stripping prospect relates the indicated trends in the 
relationship of the weight of the machine to its abil- 
ity to do stripping work. In addition, this approach 
employs situations where the geometry of each cut- 
and-spoil section is assumed to take certain defined 
relationships for varying overburden depths. Slopes 
are necessarily considered to be stable, which means 
such practical factors as the mechanics of soils are 
neglected for the sake of convenience. 

Definition of Terms: Photographs A and B show a 
shovel-type and a dragline-type of simple overcast 
operation, plus terms used to denote certain parts of 


H. RUMFELT is Applications Engineer, Bucyrus-Erie Co., 
So. Milwaukee, Wis. TP60F300. Manuscript, Aug. 11, 1960. 
SME Coal Div.-AIME St. Louis Section Meeting, St. Louis, 
September 1960. Discussion of this paper, submitted in dupli- 
cate prior to July 1, 1962, will appear in AIME Transactions 
(Mining), 1962, vol. 223. 


by Henry Rumfelt 


a pit. Pits that follow a straight line when projected 
on a horizontal plane are referred to as straight- 
away. It has been assumed that all section drawings 
accompanying this article pertain to straightaway 
cuts which, in turn, means that areas can be com- 
pared by relative volume. The volume of overburden 
is measured in virgin cubic yards. Material dis- 
placed from its virgin state to a spoil area normally 
occupies a larger volume than when in situ; the dif- 
ference is termed swell, and it is expressed as a 
percentage of the original volume. For example, if 
the original cut volume is denoted V cu yd, and the 
spoil volume is 1.2 V cu yd, the swell is a positive 
20 pct. 


MAXIMUM USEFULNESS FACTOR (MUF) 
CONCEPT 


Men experienced in overburden removal give em- 
phasis to the weight of the machine in relation to its 
value as an excavator. From the writer’s under- 
standing, value has been only loosely defined and 
discussed generally and vaguely. The concept is con- 
sidered important, however, since it is based upon 
the observations of many men. It provides a clue for 
the approach taken to solve deep stripping problems. 
In the procedure described below, value has been 
arbitrarily established as the product of the nominal 
dipper size of the shovel (or dragline) times a func- 
tional dumping reach. 

MUFs—Shovel: A shovel’s capability to handle thick 
overburden is usually limited by its ability to dis- 
pose of the spoil. Thus the dumping reach, as well 
as its dumping height, is significant. The angle of 
repose of spoil material must also be considered. 
Although such slope angles vary among different 
mines, jobs, and materials, a slope of 1.25 to 1, fre- 
quently found in both planning and practice, is used 
by this author in the illustration of this analytical 
method. 

The relationship of the shovel’s geometry to a 
stripping operation is shown in Fig. 1. To gain max- 
imum advantage in constructing spoil piles, the 
shovel is placed so that its tracks adjacent to the 
spoil are as close as possible to the rib of the coal 
deposit. A vertical plane passing through the line 
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A—View of shovel pit showing stripping shovel about to dump materials on es wes part. 
Notations indicate terms generally used to designate pit parts. 


of the rib of the deposit would contain the point T. 
By measuring horizontally from 7 to the point of 
discharge of the dipper, the dumping reach 7 is es- 
tablished for each shovel analyzed. The maximum 
usefulness factor for a shovel (MUFs) is defined as 
‘“the product of the nominal dipper size (measured 
in cubic yards) times the dumping reach r (meas- 


a 


Fig. 1—Shovel reach diagram. 
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ured in feet).’’ In other words, MUFs is equal to 

the load moment about point 7 in terms of ‘‘cubic 
yards times feet.’’ Table I shows the results of such 
computations for different shovels studied together 
with Gross Machine Weights (GMW). 

Fig. 2 depicts a trend in GMW of shovels. It is 
significant that the curve appears to follow a gener- 
ally straight line regardless of manufacture or size 
range of machines. According to this curve, each 
MUFs unit requires 745-lb gross weight in the shovel. 
In determining this curve, it was found that the 


Table I. Summary Tabulation of Shovel Data 


Shovel Code MUFs, 

Designation Working Weight, Lb Cu Yd-ft 
a 1,785,000 2,156 
b 2,030,000 1,740 
c 3,070,000 3,938 
d 3,345,000 4,350 
e 4,950,000 6,734 
f 5,790,000 7,630 
g 6,000,000 8,264 
h 6,558,000 8,580 
i 7,700,000 9,900 
j 7,875,000 11,720 
k 8,585,000 = 
1 11,600,000 15,419 
m 13,900,000 20,102 
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B—View of dragline pit of cut. Notions indicate 
terms generally used to designate pit parts. 


points representing existing shovels were more 
faithful to the trend line (i.e., less ‘‘scatter’’) than 
shovels existing only on paper. Consequently, all 
points for existing machines were given greater 
‘*weight’’ by the author than those models in the 
planning stage. For this reason, the curve was not 
determined by strict use of the method of least 
squares. 

MUFd—Draglines: As with the shovel, the dragline’s 
ability to handle deep overburden is also normally 
limited by its ability to dispose of the spoil. Because 
this machine normally works from the surface of a 
cut or from a bench floor slightly below the sur- 
rounding land surface, its dumping height is not an 
influencing factor. For the type of operation visual- 
ized the dumping reach 7 (Fig. 3) is the controlling 
factor. 

Walking draglines are mounted on circular bases, 
called tubs, with different models having different 
ground-to-base bearing pressures. To have a stand- 
ardized basis for comparison, the tub diameters on 
all models of draglines analyzed have been adjusted 
so that bearing pressures are uniformly maintained 
at 10 psi. 

With the hypothetical diameter of the tubs, plus a 
5-ft safety margin between the top edge of the old 
high wall and the closest point of the tub, a moment 


center T is established. Measuring from T to the 
dumping point gives a moment arm 7 for each drag- 
line considered. 

In addition, the author has arbitrarily selected 
4750 lb per nominal dragline bucket size to repre- 
sent the unit weight of bucket plus load contents. The 
specified suspended load of the machine is divided by 
4750 to give the nominal cubic-yard bucket capacity. 
This capacity multiplied by the arm 7 (distance in 
feet) determines the maximum usefulness factor for 
each dragline (MUFd). Thus, MUFd is defined as the 
product of the nominal bucket size capacity and the 
dumping reach of the dragline. It is equal to the load 
moment about T in terms of cubic yards times feet. 
Tabulations of MUFd for various electric-powered 
draglines analyzed are shown in Table I. 

In Fig. 4, curve A represents the trend in gross 
machine weight of existing draglines from major 
manufacturers. As was true with the operating 
shovel data, the data of existing dragline models 
follow this trend line closely. However, curve B 
represents a trend which could possibly become sig- 
nificant from newer and larger draglines, rather 
than curve A. Curve B is based on specifications of 
larger machines recently announced as well as some 
up-vated draglines. The slope of curve A is 1/575, 
which means that 575 lb of gross machine weight are 
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Table Il. Summary Tabulation of Dragline Data 


ine 
MUFd, 
Designation Working Weight, Lb Cu Yd-ft 
a 375,000 587 
b 450,000 760 
c 550,000 835 
d 640,000 1,240 
e 695,000 1,080 
f 840,000 1,370 
g 1,274,000 2,060 
h 1,299,000 1,970 
i 1,460,000 3,680 
j 1,467,000 2,560 
k 1,600,000 2,610 
1 1,750,000 4,330 
m 1,900,000 3,100 
n 1,965,000 3,440 
° 2,460,000 4,410 
Pp 2,650,000 4,130 
q 2,930,000 5,120 
r 3,050,000 6,240 
s 3,175,000 6,320 
t 3,200,000 7,110 
u 3,335,000 6,500 
Vv 3,730,000 7,640 


required for each MUFd. Similarly, the slope of 
curve B is 1/467 which indicates 467 lb of gross 
machine weight is necessary for each MUFd. 


weights of the machines analyzed, it is also neces- 
sary to determine a relationship between the geom- 


MUF—PIT SECTION RELATIONSHIPS 


In addition to the relationships existing between 
maximum usefulness factors (MUF) and gross 


etry of the pit section and the required MUF num- 
bers for varying depths of overburden. Such num- 


bers would be related, in turn, to projected machine 


gross weights which, in effect, establishes a re- 
lationship between stripping machinery mass and 
overburden volumes (or depths). Therefore, those 
mentioned in this section (MUF-Pit Section Rela- 
tionships) are the required MUF numbers for the 
hypothetical study below. 
Determination of Shovel Reach: In order to deter- 
mine a relationship between the MUFs numbers of 


the required machines for different depths of over- 
burden, hypothetical situations with various assump- 


tions are considered. From Fig. 5 a generalized 


formula to give dimension 7 can be derived. First, 
assume the deposit is bituminous coal of thickness ¢ 
ft and with a cut width of W ft. The spoil angle of re- 
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Fig. 3—Dragline reach diagram. 
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Fig. 2—Relationships of gross machine weight 
(shovels) and MUFs numbers. 


pose is 38.5° (1.25 to 1 slope). The berm width b is 
assumed to be sufficiently small so as not to affect 
the shovel excavation at its indicated position, and 
hence, it is not considered in the following formula. 
It has also been assumed that the slope of the high 
wall has a ratio of 1:3. (The derivation of this for- 
mula and subsequent formulas may be found in the 
Appendix). 


The resulting formula is 


(1+ 985 | (1] 


where 7 is the reach in feet, S is the percentage of 
swell, His overburden depth in feet, W is cut width 
in feet, and ¢ is deposit thickness in feet. 

Selection of Nominal Shovel Dipper Size: To facil- 
itate dipper-size computations, those factors which 
can usually be closely approximated for a given 
prospect once the type of machine is selected and a 
general operating approach determined are assumed 
to be constant. In the following example of estimat- 
ing shovel output, it has been assumed that, regard- 
less of shovel size, the average digging cycle will be 
56 sec, the dipper load will always be 80 pct of ca- 
pacity, and the monthly operating factor will be 85 
pet of total time. With these assumptions, the follow- 
ing table indicates that monthly output will be 31,200 
D cu yd, where D is the nominal dipper size. 
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Fig. 4—Relationships of gross machine weight (drag- 
lines) and MUFd numbers. 


Estimated Shovel Output Table 


Dipper load, cu yd, bank measure....... 0.8D 
Theoretical hourly output, cu yd, bank 

Scheduled monthly hr of operation ...... 720 
Theoretical monthly output, cu yd, bank 

Monthly expected operating factor, pct ... 85 
Expected actual output per month, cu yd, 

p = (@e)(1613)(#) [2] 


(L)(31,200) 
where Qc is the required net tons of cleaned coal 
per month, H is overburden depth in feet, and L is 
net tons of cleaned coal yielded per acre. 

The required MUFs for the shovel at any overbur- 
den depth (#) is the product of Eqs. 1 and 2. Thus: 


MUFs = 
or 
MUFs = 1+ (H)-t+ 
(Qc)(1613)(7) 
[3] 
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Fig. 5—Shovel section. 


Determination of Dragline Reach: From Fig. 6 a 
generalized formula to give dimension y in similar 
terms of H, ¢, and W is derived (see Appendix), It is 
assumed that the high wall slope will remain fixed 
at a 1:3 slope and that 10 ft of surface will be re- 
moved to provide an operating bench. In addition, 
the coal bed is ¢ ft thick and the cut width, W ft. 

The resulting formula is 


y = (0.33H — 3.3) + (1.25) 


«| (1+ (H) [4] 


where ¢ is the reach in feet, S is the percentage of 
swell, H is overburden depth in feet, W is cut width 
in feet, and ¢ is deposit thickness in feet. 

Selection of Nominal Dragline Bucket Size: To de- 
termine the bucket size necessary for a given drag- 
line operation, the following table is constructed in 
which a number of factors are made constant. It is 
assumed that, regardless of size of dragline, the 
excavation cycle time is 58 sec, the bucket consist- 
ently handles 80 pct of its capacity, and the machine 
works 85 pct of total time available each month. 
Under these conditions, the expected monthly output 
will be 30,400 B cu yd, where B represents the nom- 
inal bucket size. 


Estimated Dragline Output Table 


Bucket load, cu yd, bank measure....... 0.8B 
Theoretical hourly output, cu yd, bank 

Scheduled monthly hr of work ......... 720 
Theoretical monthly output, cu yd, bank 

Monthly expected operation factor, pct ... 85 
Expected actual monthly output, cu yd, 
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Fig. 6—Dvagline section. 
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The resulting formula is 
_ (Qc)(1613)(H) 

y G0, 400) [5] 
where Qc is net tons of cleaned coal per month, H is 
overburden depth in feet, and L is yield per acre of 
net tons of cleaned coal. 

The required MUFd for the dragline at any over- 
burden depth (H) is the product of Eqs. 4 and 5. 
Thus: 

MUFd =7-B 


or 


MUFd = { (0.831 (1.225) 


(Qc)(1613)(H) 
x{ (Z)(30,400) 


[6] 


COMPUTER ANALYSIS OF EXAMPLE 


To show the use of the foregoing equations, assume 
the existence of a coal strip mining prospect com- 
patible with the output tables and the cut sections al- 
ready constructed. At the outset, it appears that 
shovels and draglines would be equally suitable for 
removing the overburden, but it is tentatively de- 
cided to first employ shovel-stripping. After an ini- 
tial examination of this property, the 5-ft (¢) coal 
seam is expected to yield 7500 (L) net tons of clean 
coal per acre. The spoil angle of repose is 38.5° 
from the horizontal. If mined with a dragline, the 
cut widths (W) would be 80 ft; if mined with a shovel, 
the cut widths would be 60-ft wide. The average 
production rate anticipated is 83,500 (Qc) net tons of 
cleaned coal per month. The overburden depths (H) 
vary from 60 to 120 ft. 

Several other involved aspects of the problem 
make it desirable to know the approximate specifica- 
tions of shovels required for different overburden 
depths, as well as the relative MUF requirements of 
shovels and draglines for the same overburden 
depths. Furthermore, at the site under considera- 
tion, swell (S) is expected to be 20 pct, but it is de- 
sired to know the effect if swell should be 25, 30, or 
35 pet. 


SOLVING PROBLEM BY COMPUTER ANALYSIS 


To facilitate the computations of this example, 
appropriate conversions of variable factors to 
constant factors were made in the formulas, and 
a digital computer containing the following pro- 
grams was employed: 


Program A: Eq. 1 which gives the reach require- 
ment (7) for the shovel section was solved for dif- 
ferent overburden depths (H) from 60 to 120 ft in 
increments of 2 ft in four separate groups: 

First group; swell (S) = 20 pet 

Second group; swell (S) = 25 pct 

Third group; swell (S) = 30 pct 

Fourth group; swell (S) = 35 pct 
Program B: Eq. 2 which gives the dipper size re- 
quirement (D) for the shovel section is solved for 
different overburden depths (H) from 60 to 120 ft in 
increments of 2 ft. 
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Program C: Eq. 3 which gives the MUFs numbers (a 
product of Eqs. 1 and 2) for the shovel section is 
solved for different overburden depths (H) from 60 
to 120 ft in increments of 2 ft in four separate 
groups: 

First group; swell (S) = 20 pct 

Second group; swell (S) = 25 pct 

Third group; swell (S) = 30 pct 

Fourth group; swell (S) = 35 pct 
Program D: Eq. 4 which gives the reach require- 
ment (7) for the dragline section for different over- 
burden depths (H) from 60 to 120 ft in increments of 
2 ft in four groups: 

First group; swell (S) = 20 pct 

Second group; swell (S) = 25 pct 

Third group; swell (S) = 30 pct 

Fourth group; swell (S) = 35 pct 
Program E: Eq. 5 which gives the bucket require- 
ment (B) for the dragline section is solved for dif- 
ferent overburden depths from 60 to 120 ft in incre- 
ments of 2 ft. 
Program F: Eq. 6 which gives the MUFd numbers (a 
product of Eqs. 3 and 4) for the dragline section is 
solved for different overburden depths (H) from 60 
to 120 ft in increments of 2 ft in four separate groups: 

First group; swell (S) = 20 pct 

Second group; swell (S) = 25 pct 

Third group; swell (S) = 30 pct 

Fourth group; swell (S) = 35 pct 


PRELIMINARY ANALYSIS OF STRIPPING 
REQUIREMENTS 


The actual results from the computer indicate that 
percentage variations in the required operation reach 
y for different swell percentages are substantially 
uniform for each machine at all overburden depths. 
For example, at all intervals between 60 and 120 ft 
overburden thickness, the 25 pct swell group neces- 
sitates a 4 pct greater reach for a shovel than that 
required for a 20 pct swell; the 30 pct swell group 
shows a 7.5 pct greater reach required; and if the 
swell is 35 pct, the shovel must have an 11 pct 
greater reach than if the swell were 20 pct. Simi- 
larly, the dragline results indicated a 3.5 pct greater 
reach required for the 25 pct swell group than at 20 
pct swell; 6.5 pct greater reach if swell is 30 pct; 
and 9.5 pct increase in reach for the 35 pct swell 
group than for the 20 pct swell group. 

Another significant finding encountered in this 
analysis was the uniform relationship which exists 
between the MUFs curve and the MUFd curve, shown 
in Fig. 7. The dragline usefulness numbers (MUFa) 
are approximately 1.25 times greater than the shovel 
usefulness number (MUFs) at corresponding over- 
burden depths when each series is analyzed on the 
basis of 20 pct swell. If compared solely on the 
basis of weight, the dragline would have a slight 
advantage over the shovel. However, since this ad- 
vantage was so small, other factors such as capital 
investment required became increasingly important 
and negated further consideration of the possible use 
of the dragline. 

A set of three curves, shown in Fig. 8, related 
computer results for the indicated reach 7, the in- 
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Fig. 7—Relative MUF requirements for shovel and 
dragline-type simple overcast excavation. 


dicated dipper size D, and the indicated Gross Ma- 
chine Weight to the overburden depth H. The Gross 
Machine Weight (GMW) was obtained by applying the 
factor of 745 (see Fig. 2) to the MUFs result from 
the digital computer. At a glance, the three require- 
ments for the shovel can be found for any one spe- 
cific overburden depth. For example, when H equals 
90 ft, a 52-cu yd dipper is indicated. Also indicated 
are the operating reach 7 of 144 ft and the Gross 
Machine Weight of 5.54 million lb. At a 65¢-unit 
price per lb for the shovel, the initial cost of the 
machine would be $3.6 million. With an overburden 
depth of 120 ft, the indicated dipper size is 69 cu yd, 
the operating reach is 189 ft, and the Gross Machine 
Weight is 9.70 million lb. The cost of the shovel at 
65¢ per lb would be $6.3 million. From these data, 
together with other pertinent aspects, an optimum 
overburden depth would be tentatively determined 
and the conventional-type detailed stripping analysis, 
including cost estimates, undertaken. 


CONCLUSIONS 


The true value of the demonstrated approach to 
preliminary stripping analysis can be determined 
only by experience and trial with real problems. It 
must be emphasized that the aim of this article has 
been to illustrate an approach for attacking such 
problems. The examples and assumptions by this 
author must be considered only as media through 
which the approach and procedure are demonstrated. 
They have been deliberately selected to be slightly 
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Fig. 8— Relationships of overburden depth, operating 
reach, and dipper size for shovels. 


on the unrealistic side so as to focus attention on the 
approach and procedure in analyzing such problems. 

On the other hand, the work in compiling the MUF 
trends of shovels and draglines was conducted as 
accurately as was practicable. It is expected that 
with present design criteria, shovels of the future 
will probably follow the demonstrated MUFs trend. 
Furthermore, it seems possible that draglines will 
require considerably less operating weight, approxi- 
mating or even surpassing curve B of Fig. 4. 

It is felt that this study demonstrates a procedure 
that can be used to approximate the size machines 
required for simple overcasting at different over- 
burden depths and defined sets of conditions. These 
conditions may be selected arbitrarily, or they may 
be determined by experience in the particular prop- 
erty or a property similar to the one taken into 
consideration. With the exception of the output 
tables, it is expected that in most instances the 
equations herein derived with the simple type of sub- 
stitutions shown will suffice for most problems. Con- 
versely, more radical changes of formulas may be 
required for more unusual problems. A number of 
changes are possible which will continue to permit 
equations to be suitable for submission to a digital 
computer. For example, the angle of spoil repose 
can be changed, another high wall slope may be as- 
sumed, and the construction of output tables may be 
different, all of which would be included in any new 
derivation. 


It should also be emphasized that this study does 
not take into account the many variables which are 
encountered in real stripping problems. The deriva- 
tions of the formulas and the illustrative example 
required hypothetical situations. Actually the entire 
study is based upon situations and trends which are 
not necessarily fixed. While the trends themselves 
seem quite clear, there is no proof that they are ab- 
solute, and therefore, the study should be accepted 
with the understanding of the existence of this pos- 
sible limitation. 


APPENDIX: DERIVATION OF FORMULAE 


Derivation of Eq. 1 (refer to Fig. 5): Let ¢ be the 
deposit thickness in feet, W be width of cut in feet, 
h be height of spoil above datum level in feet, 7 be 
reach in feet as measured from T, H be cut height 
in feet, As be spoil area in square feet, Ac be cut 
area in square feet, and S be percentage of swell 


As = (t)(W) + (x - (Ww) + 


Therefore, 
2 


As = (t)(W) + hw [a] 

Ac =(W)(H). [b] 
Therefore, 

As = (1 + (Ac) 

As = (1 (w)(H). [ce] 


Combining Eqs. a, b, andc 


(1 + (W )(H) = (¢)(W) + (h)(W) - ( 


(1+ 755) + - 


(1+ 35) - 
Since 7 = 1.25h, 


r = (1.25) (1 - (0) +) | 


Derivation of Eq. 2 (refer to Estimated Shovel Output 
table): Let Qc be required net tons of cleaned coal 
per month, L be yield in net tons of cleaned coal per 
acre, H be cut height in feet, and 4840 be the square 
feet per acre, thus 


H 
(4) (4840) = 1613 (H) = cu yd of overburden 
per acre. 


ea (1613)(H) 


= cu yd of required 
stripping per month. 


Since 31,200D also equals cubic yards of rie oe 
stripping per month: 


31,200 D = (1613)(H) 


(Qc)(1613)(H) , [2] 
(L)(31,200) 


Derivation of Eq. 3: 


D= 


MUFs = 7 by definition 


MUFs = {(a.25)| (1+ (H) - (t)+ call 


(Qc )(1613)(H) 
[3] 


Derivation of Eq. 4 (refer to Fig. 6): Let ¢ be de- 
posit thickness in feet, W be cut width in feet, h be 
height of spoil above datum level in feet, 7 be reach 
in feet measured from T7, H be cut height in feet, 


As be spoil area in square feet, Ac be cut area in 


square feet, and S be percentage of swell 


As =(W)(t) +(W) + ele 
As=w+wh- [a] 
Ac =(W)(H) [e] 
As= (1 ~ 5) (Ac). [f] 


Combining Eqs. d, e, and f 


(W)(H) = (W)(t) (W)(h) 


W 
(1+ 35) 
S W 
h= (1+ 3) 
Since = — 10) + (1.25)(h) 


= (0.33H 3.3) + 
(1.25) (1 5) (H) - 
= (0.33H 3.3) + 
(1.25) (14 (H) 1.25¢+ 1.25 
5 
[4] 
Derivation of Eq. 5 (refer to Estimated Dragline Out- 
put table): Let Qc be required net tons of cleaned 
coal per month, L be net tons of cleaned coal yielded 


per acre, H be cut height in feet, and 4840 be the 
square yards per acre 


cu yd of overburden per 
acre. 


(=) (4840) = 1613(H) 


I 


cu yd of required strip- 
ping per month. 


(1613)(#) 


Since 30,400B also equals cu yd of required strip- 
ping per month: 


30,400B = (1613)(H) 
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(Qc)(1613)(H) 
B = ~“(r)(30,400) [5] 


Derivation of Eq. 6: 
MUFd = 7°B, by definition 


MUFd = (0.33H — 3.3) + | 1.25) (1 + a) (H) 


0 


Contact Angle on Galena as a Function of Oxygen Concentration 


works by Plaksin et al.,”” Glembotsky,°® 
and others have renewed interest in the effects of 
oxidation on the surface activity of the sulfides. 
Since considerable supporting data are available on 
galena-potassium ethyl xanthate, this system is be- 
ing studied at South Dakota School of Mines and 
Technology by contact angle measurement, using the 
technique of McGlashan and McLeod.* The contact- 
angle method is well adapted to investigation of the 
influence of small amounts of oxygen on the estab- 
lishment of a stable contact angle on galena in potas- 
sium ethyl xanthate solution. 

Samples of massive galena containing less than 
0.001 pet Cu, 0.001 pct Ag, and 0.01 pct Zn are 
mounted in castable plastic and ground and polished 
manually in a glove box containing the desired pro- 
portions of oxygen and purified nitrogen. Oxygen and 
nitrogen contents of the test atmosphere are deter- 
mined with an Orsatt analyzer. In this way a repro- 
ducible surface is created in contact with whatever 
oxygen concentration is desired. Water and all re- 
agents are prepared and stored in the test atmos- 
phere. An absorbent is used to control carbon di- 
oxide that might be present. 

Final polishing is done with levigated alumina on 
a glass plate. The prepared sample is placed in the 
test solution and transferred to the contact angle ap- 
paratus in a sealed box, and the test is conducted 
while both sample and solution are maintained under 
a slight positive pressure of the test atmosphere. 
Table I gives the results of contact angle measure- 
ments made at various Os-Nz2 concentrations.” 

Each value of contact angle is the average of at 
least six individual measurements made with dif- 
ferent bubbles at different locations on the sample 
surface. A period of 20 to 25 min has been found by 
preliminary tests to be sufficient to permit develop- 
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ment of maximum angle, and all measurements are 
made after at least this much time has elapsed. Ex- 
posure of prepared samples to pure water under the 
test atmosphere before exposure to the xanthate re- 
sults in a small but measureable and consistent re- 
duction in contact angle. This is particularly true in 
the oxygen-deficient atmospheres; for example, at 
2.2 pct O2 such water contact reduces the average 
angle about 8° from that obtained by immediate test- 
ing in xanthate. 

The general trend of increasing contact angle with 
increasing oxygen concentration corresponds to the 
results of Plaksin et al.” The absence of diminish- 
ment of contact angle at very high oxygen concen- 
tration has been attributed to the high concentration 
of xanthate per unit of galena surface.® At oxygen 
concentrations below 1 pct (the limit of accuracy of 
the Orsatt analyzer), no contact angle is obtained. 
Furthermore, no contact angle is obtained at any 
oxygen concentration in the absence of xanthate. 
This result seems to be in disagreement with those 
cited by Plaksin.* 

Further work on the interaction of galena and po- 
tassium ethyl xanthate or a similar collector as in- 
fluenced by oxygen is contemplated. The true nature 
of the interrelation is as yet unknown. For example, 
it is not known whether the governing oxygen reaction 
is with the mineral, with the reagent, or with both. 


Table I. Contact Angles on Galena at Various Oxygen 
Concentrations* 


Oxygen Concentration, Average Contact 


ol Pct Angle Range 
Below 1.0 no contact none 

4.3° 

4.1 46.4° 5.0° 
21.0 54.8° 
40.5 56552 
93.5 


+50 mg potassium ethyl xanthate per liter, pH range 6.7 to 7.6. 


The relative importance of an oxidized surface as 
contrasted with the mere presence of oxygen is not 
understood, and the oxidation products have not been 
identified. 

This work is being supported by the Dept. of 
Metallurgy, South Dakota School of Mines & Tech- 
nology, Rapid City, S. D. 
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SHAFT SINKING AND LINING IN THE SOUTHERN 


ILLINOIS COAL FIELD 


Review of equipment, performance, and shaft design plans including head- 
frames for sinking and forms for lining are given. Also included are com- 
parative data for shafts of 11 x20 ft and 193/4 x30 ft with 756 and 666-ft 
depths, respectively. Advantage from curtain wall installation with ‘“slip 
forms”? which warrant consideration for normal lining are outlined. A pre- 
liminary review is also made of ‘‘chemical grouting’’ to stop water inflow 
leakage with Halliburton equipment and service. 


1 eg coal mine shafts recently completed in Frank- 
lin County, Ill., afford experience and accomplish- 
ment to warrant review. These shafts provide 
access to a tract with a potential recovery of one 
hundred million tons. 

This work provided the initial sinking by other 
than a contractor’s organization since 1918. Four 
additional shafts required during the interim were 
sunk under contract arrangement with others. 
Supervisory contact and inspection afforded ex- 
perience to govern planning and conduct of the 
recent work. 


TEST DRILLING 


Core test holes were drilled within each of thetwo 
shaft locations. Four additional cable tool holes 
were drilled on a radius of 700 ft from the shaft 
bottom to determine the coal seam elevations and 
govern the underground layout plans for each shaft. 

A graphic log of the hoist shaft test drillhole is 
shown by Fig. 1. A very soft sandstone was found 
at a depth of 16 ft. Cored recovery of the sand- 
stone proved much weaker than the overlying com- 
pacted sand secured with coring facilities for soil 
recovery. 

Gradation from the very soft sandstone to fairly 
hard material occurred with the next 14 ft, extend- 
ing to a depth of 30 ft. The weak character within 
the upper portion entailed need of adequate pro- 
tection when sinking as described later. 

A part of the sandstone provided sufficient poros- 
ity and permeability to warrant further investigation. 
Adjacent cable tool drilling for temporary water 
supply disclosed inflow was limited to 2 gpm with a 
depth of 40 ft. It was increased to 12 gpm during 
the next 50 ft of drilling and occasioned subsequent 
precaution when sinking. 


J. W. MacDONALD is Vice President in Charge of Engi- 
neering, Old Ben Coal Corp., Benton, Ill. TP 60F302. Man- 
uscript, Aug. 31, 1960. SME Coal Div.—AIME St. Louis 
Section Meeting, September 1960. Discussion of this paper, 
submitted in duplicate prior to July 1, 1962, will appear in 
AIME Transactions (Mining), 1962, vol. 223. 
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Fig. 1—Leg of hoist shaft test drilthole. 


SINKING PLANT 


General arrangement of facilities for sinking the 
hoist shaft is shown by Fig. 2. An available steel 
frame building was used to accommodate the hoist, 
compressor, shop, and shower or change room. 

The stiff leg derrick with 90-ft length of boom per- 
mitted removal of forms from the wood shop to the 
storage area or delivery within the shaft. Reinforc- 
ing steel and other needs were similarly handled, in 
addition to headframe erection. 

The headframe was placed over one end of the 
shaft to enable passage of forms for lining through 
the adjacent half next to the stiff leg derrick. 

The steel headframe as shown by Fig. 3 was 
fabricated locally. Side anchored cables from the 
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Fig. 2—Sinking plant arrangement. 


top of structure enable swinging the rock filled tubs 
and the bottom dump concrete bucket clear of the 
shaft before dumping or filling. 

The tub was placed in the position shown in Fig. 
3 for the concrete bucket when loading men or tools 
to be lowered and after hoisting from the shaft. A 
wire fence and gate enclosure afforded additional 
protection against accident. 

Near similar arrangement was provided for sink- 
ing the air and material shaft, except for using the 
permanent hoist and headframe with but minor 
additions to the latter. 


EQUIPMENT 


Hoist: A Litchfield hoist with 5-ft diam Nordberg 
drum and 300-hp General Electric Co. motor was 
available from an abandoned mine with the single 


aim of providing a 1-1/8-in. nonspinning cable. 
Stiff Leg Derrick: The 90-ft length of boom pro- 
vided an approximate capacity of 10 tons at a radius 
of 78 ft. It was operated by a Thomas double drum 
hoist, a friction type with boom swinger included. 
The 16-in. diam drums provided a hoist capacity of 
12,000 lb at 200 fpm on the first layer and 11,000 lb 
at 245 fpm on the third layer. Operation was pro- 
vided by an available 100-hp 880 FLS motor. 
Compressor: The compressor used was a Joy Class 
WN-112-B, two-stage double-acting, heavy duty, 
vertical V-type rated 687 cfm at 100-psi gage with 
V-belts and General Electric Co. 150-hp, 705-FLS 
available drive motor. 

Drills: Six Joy Class LB-57 hand-held rotor drills, 
40 rotation and 1x4 1/4-hex chuck were purchased. 
Drill rods 2, 4, 6, and 8 ft long were used for shot 
holes. Timpken throw-away rock bits, 4 point with 
end outlet and tapped for 1-in. thread drill rod were 
used. 

Sump Pump: The pumps were Ingersoll Rand size 
35 air-driven, with a capacity of 80 gpm against 
200 ft head. A tandem assembly was available in 
event of need for pumped discharge from below a 
depth of about 200 ft without being encountered. 
Concrete Vibrator: Ingersoll Rand size IV pneu- 
matic, operated with 9000 vpm by 90-lb air pres- 
sure and equipped with 15-ft flexible hose handle, 
was used. 

Blasting: DuPont galvanometer and DuPont blasting 
machine Model CD-32, condenser-discharge type 
with DuPont special gelatin 40 pct 1 1/48 powder 
were used with instantaneous and four stages of 
delay caps. 

Fan: A Joy Model 1-21 portable blower was used 
with 18-in. diam tubing. 
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Fig. 4—Hotsting shaft, normal section. 


Grout Pump: This pump was a Moyno progressive RE 
cavity pump, size 3L8, type CDR, capacity 25 gpm Pe 
at 300 psi by 425-rpm, 7.5-hp electric motor from Pa) 
Robbins and Myers Pump Co. °: 


Shaft Mucker: The shaft mucker was a Joy JPG-100 
pneumatic grapple, 0.4 cu yd capacity with push S| 
button controls from 25-ft length hose extension. ° 
Tubs: Buckets of 2-cu yd capacity were used in 
sinking the first shaft with a capacity of 3 cu yd 
provided for the second. The latter tubs were 60-in. 
ID, 48-in. high with 1/2-in. steel plate bottom and 


= 


Fig. 5—Hoisting shaft. 


3/8-in. sides. They provided a total weight of 2200 Bottom Discharge Concrete Bucket: An Insley No. 


lb when the 450 lb for the bail was included. Care 672 was used and had the following specifications: 
was used in designing the latter to provide the 1-cu-yd working capacity and 35.5-cu ft level full 
minimum weight capable of meeting the require- capacity, 1236-in. central opening bottom gate, 
ments. A removable rest placed on the lip of tub 48-in. ID and 51.5-in. height, empty weight 850 lb. 
supported the bail at either side where lowered A chain lock was added to prevent accidental dis- 
before disconnecting the hoist cable. charge. 


Fig, 6—Air and mate- 
rial shaft, normal 
section. 
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Powder House: This building, together with the 
magazines for detonators and supply near the shaft, 
was constructed and located in full conformity with 
both State and Federal requirements. 
Transportation: A 15-ton capacity Euclid dump 
truck was used for disposal of muck as spread by 
D7 Caterpillar Dozer. A tire-mounted farm-type 
tractor was available for hauling powder and 
similar needs. 


HOISTING SHAFT 


This shaft with oval shape and general dimensions 
of 11x20 ft inside of concrete lining is shown in the 
sectional plan by Fig. 4. Additional features are 
shown by Fig. 5. 

The shaft has a depth of 666 ft to the base of coal 
seam and 90 ft additional to the bottom of sump. An 
adjacent concrete-lined hopper is 18x 32 ft inside of 
lining and will accommodate 100 tons delivery from 
the overlying rotary dump or from initial belt con- 
veyed delivery. 

Appropriate feeders and storage pockets will 
enable loading the 10-ton capacity skips. A small 
cross conveyor within the shaft sump will deliver 
to an elevator for return of spillage to the loading 
pocket. Intermittent operation of 4 min per hr should 
suffice except for abnormal spillage. Sinking plans 
afford accommodation for these needs. 

Shaft excavation was extended about 2 ft within the 
area required for the underground storage hopper 
and feeders shown by Fig. 5. Completion of shaft 
sinking and lining was followed by enlarging the 
area when the blasted material passed through the 
earlier provided opening to the bottom of the shaft. 
This work is excluded from the following data which 
apply to shaft sinking alone. 

Initial excavation provided a minimum of 30° in- 
clination from a vertical line for the unsupported 
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Fig. 7—Blasting pattern for hoist shaft. Drillhole 
inclination data: lifters @ 4.5/2, 4-ft radius @ 
1.75/12, and 6 1/4-ft radius @1/12. There were 
54 holes at 8-dt for a total drilling of 432 ft per 
round, The excavation of 283.4 sq ft was equal to 
10.5 cu ft and 22.7 tons per vertical ft times a 
6-ft average vesulted in 136 tons per round, The 
average of 136 tons per round times a powder 
average of 1.56 lb per ton resulted in 204 lb or 408 
sticks of powder (approximately) per round, The 
408-lb powder divided by 54 holes resulted in an 
average of 7.57 stick per hole. 
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sidewalls of open pit work above the soft sandstone. 
A 3 in 12 inclination was provided within the next 
4 ft of soft sandstone. 

The general arrangement of open pit work and 
concrete lining is shown within the upper portion of 
Fig. 5. 

The outside face of initially poured concrete 
within the 4.8 ft of very soft sandstone is inclined 
14°. It provided the equivalent of a hollow cork with 
lateral resistance against settlement. Further ad- 
vantage was developed by extended overlap on top 
of the soft sandstone. 

Later extension of sinking was recognized to pro- 
vide hazard of undermined caving by the soft mate- 
rial from below the concrete. Protection afforded 
was adequate and precluded reason for concern 
which preceded this design plan. 


AIR AND MATERIAL SHAFT 


Sinking of the larger shaft followed completion of 
the first shaft to insure a maximum of advantage 
from the earlier experience. This shaft is 19 3/4x 
30 ft inside of the concrete-lined oval section as 
shown by Fig. 6. 

Additional protection was afforded by the open pit 
provisions in sinking the second shaft. A 2-ft 6-in. 
width of concrete base for initial pouring within the 
soft sandstone and 6/12 or 26° 34 ft inclination of 
the outer face were provided within the lower 6 ft. 
The needs were more critical due to requirement of 
supporting 576 tons of concrete and around 50 tons 
of headframe steel. The design proved adequate 
for support by the soft strata. 

The shaft portal extends from the coal seam base 
at the 666-ft level to a height of 42 ft on one side. 
This provision will facilitate delivery of shuttle 
cars and 28 ft length pit cars by suspension under 
the material cage deck. 

The two portals for passage of return air into 
the shaft provide an inclined roof slope extending 
from 10 to 20 ft above the base of coal. 

The bottom of sump is 23.75 ft below the No. 6 
seam with needs confined to possible water col- 
lection and accomodation of counterweight for the 
single cage. 


Table |. Shaft and Sump Depths 


Depth in Ft for Shaft: 


Hoisting Air and Materials 
Surface, below shaft collar 2.35 2.58 
Surface to soft sandstone 16.85 15.00 
Additional open pit excavation 4.80 6.42 
Open pit excavation and initial 24.00 24.00 
lining 
Sinking, normal shaft section 617.00 597.00 
Portals etc. 25.00 45.00 
Total to base of coal 666.00 666.00 
Additional to skip or cage seat 70.00 1.00 
Additional for sump 20.00 22005 
Total Depth 756.00 689.75 
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Depth requirements for both shafts are listed in 
Table I. 


EXCAVATION AND BLASTING 


Sectional areas, excavation, and blasting are sum- 
marized by Table II. 

The two shafts entailed removal of near 58,000 
tons of material, and required 82,350 lb of powder. 
The blasting pattern for the hoist shaft is shown by 

Initial shooting within the soft sandstone was re- 
duced for necessary protection of the concrete 
placed within the open pit area. The 6-ft depth of 
early drilling was extended to 8 ft for reduced fre- 
quency of clean-up work. Resultant advantage war- 
ranted the lowered ratio of excavation per pound of 
powder. 


MUCKING 


Initial use of a 1.5 cu yd capacity available clam 
shell bucket with air-powered hoist motor for opera- 
tion proved unsatisfactory. The handicap and the 
accident hazard were both increased by the short 
length of suspension cable during early operation. 

Subsequent use of a borrowed clam shell bucket 
with 3/8-cu yd capacity provided additional ex- 
perience during the period required for delivery of 
a replacement. 

A Joy pneumatic grapple or mine shaft mucker 
was used for the balance of the work below a depth 
of 142 ft in the first shaft and proved very satis- 
factory. 

The orange peel-type bucket has a rated capacity 
of 0.4 cu yd. It was more than offset by convenient 
handling, together with fast opening and closing pro- 
vided by the 17-3/4-in. diam air cylinder. 


Table Il. Sectional Areas, Excavation, and Blasting 


Shaft 


Hoisting Air and Materials 


Normal Sinking 


Range of depths, ft 24 to 641 24 to 621 
Excavation, sq ft 283.4 658.5 
Excavation, cu yd per vertical ft 10.5 24.4 
Concrete lining, area, sq ft 97.8 171.0 
Concrete lining, cu yd per vertical ft 3.62 6.33 
Open area inside lining, sq ft 185.6 487.5 
Excavation Below the 24-Ft Level 

Within normal section, cu yd 6,478.0 14,567.0 
Additional depth, portals, and 

sump, cu yd 1,883.0 3,848.0 
Total cu yd 8,361.0 18,415.0 
Total tons at 160 1b per cu ft 18,061.0 39,776.0 

Blasting 

Special gelatin, 40 pct, lb 28,300.0 54,050.0 
Excavation, cu yd per lb powder 0.30 0.34 
Excavation, tons per ib powder 0.64 0.74 
Blasting caps, Total 22,300 
Special gelatin, lb per cap 3.69 


The opened bucket has an outside diamer of 6 ft 
as reduced to 4 ft 1 1/4 in. when closed. The digging 
capacity, together with speed and power available 
for closing, enable desirable performance. 

Rapid release of exhaust air occasioned initial 
complaint, though convenience and stability against 
overturning warrant acceptance of the single objec- 
tion. 

The Joy Grapple was suspended by cable from the 
stiff leg derrick. Operation entailed lifting a few 
inches above the height of tub where discharge en- 
tailed little spillage. Dropping was not required 
for capacity loading as needed with clam shell type 
buckets observed by the writer. 

The air powered hoist intended for clam shell 
bucket opening and closing was instead used to 
overturn the tubs for dumping. Use of 2 cu yd 
capacity tubs in the first shaft and later increase to 
3 cu yd capacity entailed need of power for re- 
dumping in event of incomplete discharge. 


CONCRETE LINING 


Ready- mixed concrete was used with supply from 
an available plant located about four miles from the 
shafts. Purchase agreement insured availability of 
three trucks with capacities from 3 to 5 cu yd for 
delivery when desired. 

A 1:2.04:3.28 mixture was required and utilized 
6 sacks per cu yd as similarly provided under one 
of the Illinois Highway Dept.’s specifications. The 
aggregates consisted of 1288 lb of Torpedo sand 


Table III. Concrete Lining 


Shaft 


Hoisting Air and Materials 


Normal Section 


Depth from 24-ft level to, ft 641 621 
Concrete thickness, No. of measure- 
ments 1608 2328 
Concrete thickness, average in. 20.45 23.48 
Portal Area and Sump 
Additional depth, ft 115 68.75 
Concrete thickness, No. of measure- 
ments 365 409 
Concrete thickness, average in. 31.05 40.62 
Concrete 
0.0 to 24-ft level, conformity to 
open-pit form, cu yd 110.8 287.9 
Normal section to 641 and 621-ft 
levels, cu yd 3,781.0 
Portal area and sump, cu yd 692.3 1,094.5 
Total calculated, cu yd 3,036.6 5,163.4 
Total used, cu yd 
Difference, pct + 2.66 —0.48 
Deformed Steel Reinforcing Bars 
Normal section; lb per vertical ft 80 ib 
Normal section, 1b total 49,360 69,850 
Open pit above 24-ft level, lb, total 4,290 6,160 
Portal area and sump, |b, total 36,783 59,380 
Total 1b 90,433 135,390 
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and 1870 lb of 1 1/2-in. crushed limestone per cu 
yd. The water ratio was held to the minimum 
allowable for a workable mixture although not to 
exceed 6 gal per sack of cement. 

Screen analyses of the sand showed 1/4-in. top 
size, 40 pct +20 mesh, 92 pct +48, and 1.1 pct 
through a 65M Tyler sieve. Organic tests as re- 
quired by ASTM procedure enabled approval of the 
available supply. 

The crushed limestone provided 1.2 pct +1 1/2-in. 
material compared to 7 pct maximum being accepta- 
ble. The 3/80 portion amounted to 4 pct compared 
to 10 pct of 4 mesh 0 allowable. 

Considerable importance is accorded to visual 
determinations for the crushed limestone. Sample 
examinations showed 2.9 pct of slabby pieces with 
thickness less than one fourth the width and 0.5 pct 
foreign material as clay lumps. Oolitic limestone 
was limited to 0.97 pct without finding any recog- 
nizable chert. Approval was available with similar 
material provided and used. 

Preferred practice would utilize a six-sack batch 
of grout for initial delivery above an earlier poured 
section. An extra sack per cubic yard was provided 
instead in the first truck load. The objective was 
to improve the bond with the earlier concrete and 
reduce the possibility of water seepage. 

Table III presents a summary of data relative to 
the concrete lining and steel reinforcement pro- 
vided in each shaft, exclusive of the partition in the 
air and material shaft. 

Earlier contract work included measurement of 
the clearance between forms and shaft wall by a 
junior engineer to insure provision of 12-in. mini- 
mum thickness of concrete. Similar practice was 
followed in the recent work. A total of 4710 meas- 
urements was made within the new shafts and dis- 
closed the average thickness of concrete lining as 
listed. 

A part of the increased thickness of the concrete 
lining beyond the required minimum resulted from 
avoiding the need for scaling with objectionable cost. 
Blasting with 8-ft depth of drilled holes entailed 
some cavitation when breaking the material for 
convenient mucking. 

Attention is called to the close conformity of the 
calculated concrete requirements based on the 
measured clearance of forms and the amount pro- 
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Fig. 8—Wood forms for hoist shaft. 
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vided. Usage in the hoist shaft was 2.66 pct more 
than calculated with 0.48 pct less required in the 
second shaft. 

Sinking was normally extended 43 ft before lining 
unless prevented by weak material in the shaft wall 
or other needs. From 4 to 6 ft of loose material 
were provided below the depth for the bottom of 
lower form. 

Fig. 8 shows the wood forms used in the hoisting 
shaft. Construction was preceded by making a jig 
usable for assembly of the similar or opposite 
quarter sections. It insured similarity of forms and 
afforded desirable economy of labor. 

Objectionable cost was incurred for repair of the 
wood forms due to the extent of re-use in a deep 
shaft. This handicap would be less objectionable for 
shallow sinking. 

Maintenance of forms was increased during the 
summer period due to shrinkage of the wood when 
stored on the surface. The open joints between 
vertical side boards would be filled with grout 
during subsequent usage as followed by swelling 
of the wood and consequent damage before removal 
from the shaft. 

Fig. 9 shows the steel forms used for the second 
and larger shaft. Seven sets, consisting of four 
quarter sections each, enabled lining a depth of 
42 ft 1 3/4 in. and leaving a 10 1/4 in. height of 
closure for a total of 43 ft. 

A steel frame jig was built for assembly of the 
quarter sections as similar except for the remov- 
able key sections. 

Steel for the jig weighed 9480 lb. Material for 
seven sets of steel forms weighed 67,240 lb for a 
total of 77,720 lb. 

Total cost of the steel forms was approximately 
$10,000.00 and was amply justified by the subsequent 
savings in labor expenses. We required 3.31 man- 
shifts per vertical foot for lining the first shaft 
when using wood forms. This need was held to 3.44 
manshifts in the second shaft with 133 pct increased 
area of excavation and 75 pct increased area of con- 
crete lining. 

Fig. 10 shows the arrangement for locating the 
bottom forms for each section poured in the second 
shaft. Earlier use of wood forms included pro- 
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Fig. 9—Steel forms for the air and material shaft. 


| | 
lag 
| 
| 
e246 
4-6 


vision of a base pad for support of the bottom sec- 
tion. Location and leveling were difficult and fol- 
lowed by near certainty of movement when filled 
with concrete. Movement was due in part to support 
by the broken rock below. 

The steel forms were suspended instead from the 
hooked ends of reinforcing rods in the lining above. 
Turnbuckles enabled convenient leveling and side 
blocking against the shaft walls prevented shifting. 

An ingenious method of leveling the form assem- 
bly was developed by the superintendent in charge of 
sinking. A water pan or cup was placed on both ends 
of each centerline. The two pans on each line were 
connected by a small diameter hose before filling 
the lower end receptacle with water. Subsequent 
turnbuckle adjustment provided an equal depth of 
water for each pair of pans when the top of forms 
would be level in all directions. 


WATER INFLOW AND GROUTING 


A test hole was drilled beyond the depth of those 
for blasting to make certain a water bearing fissure 
would not be encountered. 

Inflow of limited extent was not pre-grouted as 
required for some earlier work with objectionable 
water volume. The fissures were instead caulked 
after sinking and bleeder pipes installed to carry 
the water through or over the forms before pouring 
concrete. Later pressure grouting through the 
bleeder lines provided sealing. 

Provision of a 30-ft radius of lining on the long 
sides of each shaft has afforded protection from the 
resultant arch support. It precludes need of con- 
cern regarding wall failure when grouting through 
drilled holes in the lining. Collapse of a flat wall 
section of an earlier shaft could not be questioned 
beyond the need for protection afforded in the re- 
cent work. 
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Fig. 10—Steel form setting plan. 


JOB PROGRESS AND LABOR REQUIREMENT 


Table IV provides a summarized review of accom- 
plishment. The subsequent data show requirement of 
of 8.77 manshifts per vertical foot of hoisting shaft. 
Increase was held to a total of 9.48 in the second 
shaft with 133 pct increased area of excavation and 
75 pet increase in the sectional area of concrete 
lining. 

The last preceding shaft installation as completed 
in 1949 showed a total of 42,582.25 hr of labor or 
5323 manshifts of 8 hr each. These figures indicate 
requirement of 11.09 manshifts, exclusive of super- 
vision for each vertical foot of shaft, which provided 
a sectional area of 149.6 sq ft inside of the concrete 
lining. 

The recently completed hoist shaft provides 24 pct 
additional area inside of the concrete lining when 
compared to the 1949 installation. The air and ma- 
terial shaft with 487.5 sq ft of open area provides an 
increase of 226 pct. 

The permanent hoist and headframe used to sink 
the second shaft entailed labor requirements ex- 
cluded from the charges against sinking. Review of 
partition wall installation follows as a supplement 
to sinking and lining operations. 


Table IV. Job Progress and Labor Requirement 


Shaft 


Hoisting Air and Materials 


Sinking and Related Needs 


Open pit excavation, began 6/8/56 9/9/57 
Open pit concrete, finished 7/18/56 9/30/57 
Headframe installation, etc. 
Sink and Line 
Normal section from 24-ft level to (ft): 641 621 
Work began 8/3/56 11/6/57 
Work finished 3/14/57 6/25/58 
Days worked 161 170.8 
Average vertical ft per day worked 3.83 3.64 
Range of vertical ft per day worked 2.50 to 5.16 2.14 to 4.54 
Portal area and sump, vertical ft 115 68.75 
Work began 3/16/57 6/26/58 
Work finished 5/31/57 9/24/58 
Days worked 58 58.9 
Average vertical ft per day worked 1.98 bal 
Labor and Foremen (8 Hr per Shift) 

Sinking, manshifts 3342.25 3887.93 
Lining, manshifts 2503.56 2374.75 
Equipment installation, manshifts 786.42 27.7,.63* 
Total manshifts 6632.23 6540.31 
Manshifts, average pet vertical ft, 

sinking are 4.42 5.64 
Manshifts, average per vertical it, 

Manshifts, average per vertical ft, 

1.04 0.40* 
Total manshifts per vertical ft 8.77 9.48 


*Excludes installation of permanent hoist and headframe used for 
sinking. 
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Table V. Sinking Crew* 


ired 
Pct Available 
Classificati Form and Set Concrete ‘ : 
No. Men As slendiest "4 Drill and Shoot Muck Installation Pour Misc. Required Extra 
1 Hoist engineer 1 1 1 1 100 0 
1 Mechanical (Aux. H. E.) il 1 53 47 
il Cager 1 1 1 Ge. 28 
Trucker 1 
i { capers helper 1 67 33 
Sinker 1 
3 Sinkers 3 3 3 3 300 0 
it Shift leader 1 il 1 ut 100 0 
Minimum total men 6 8 8 6 692 108 
86.5t 13.5t 


*Workmen provided for each of three shifts; estimated needs as approximated by later findings. 
tProvided 8 manshifts each of 2 and 9 men on day shift for total of 25 per day. - 
tThe anticipated schedule of 13.5 pct of man-hours available for miscellaneous needs proved inadequate and required addition of one man on the 


day shift only. 


Table V lists the workmen required on each shift 
for operation with a minimum balanced crew. De- 
velopment was provided in advance of sinking which 
disclosed need of a single revision. 

Installation of forms for lining was found more 
convenient than expected. It enabled using one of 
the workmen to assist the cager on top instead of 
helping to set forms within the shaft. 

Early investigation of sinking equipment expense 
was productive of estimating the cost to be around 
$60,000.00. The actual requirement was about 10 pct 
less, excluding allowance for one available hoist, 
two large motors, and the steel frame building. 


PARTITION WALL 


Completion of sinking and lining in June was fol- 
lowed by building construction with advantage of the 
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Fig. 11—Slip forms for partition wall. 
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available weather conditions. Preparatory work was 
followed by partition wall installation which began 
Jan. 13, 1959 with completion on March 9. 
Installation in 40 working days provided an average 
of 16.65 vertical ft per day. The 15-in. thick by 19-ft 
3-in. partition wall has a vertical height of 666 ft. 


REINFORCED CONCRETE 


A total of 620.5 cu yd was required compared to 
the calculated need of 609. Reinforcement with 
3/4-in. deformed bars was provided on 36-in. 
horizontal and 24-in. vertical centers. 

Horizontal and vertical bars were provided 2-in. 
from each side of the wall. Bent bars for protection 
against shear were alternated with the straight 
horizontal bars. Installation provided 10,101 
lineal ft of vertical bars and 25,308 of horizontal 
steel with a total weight of 53,114 lb. 

A 3-in. depth recess was provided in the shaft 
lining at each end of the partition wall. Earlier 
installed reinforcement provided two 36-in. pro- 
jecting bars in each keyway with 24-in. vertical 
spacing. 

Concrete delivery was provided with the bottom 
discharge bucket used for shaft lining. It was 
handled by the hoist as similarly used with a sink- 
ing tub for travel of workmen to and from the top 
of shaft. 


SLIP FORMS 


Fig. 11 shows the general arrangement of slip 
forms used. Framing and reinforcement were pro- 
vided by 20-in. depth truss beams. Expanded metal 
attached to the web of the horizontal beams pro- 
vided walkways around 6-ft apart. 

Effort was made to limit the weight of steel to 
meet the need. It provided near 8 tons for the two 
forms and bail. 
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A vertical height of 19 ft 1 1/4 in. enabled pouring 
an average of 18 vertical ft of concrete in each lo- 
cation. Removable panel sections each 48x 24 in. 
allowed delivery of concrete and vibrated puddling 
other than from the top of the forms. 

Pipe spacers with about 24-in. horizontal and 
vertical centers accommodated 3/4 and 1 in. 
machine bolt ties. The larger diameter bolts were 
used in the lower part of the form with the bottom 
row extending through open holes in the eariler 
poured concrete to provide support. 

Fig 12 shows the general arrangement for sus- 
pension and movement of the slip forms. Accommo- 
dation was provided by the stiff leg derrick with 
limitation which required auxiliary support of the 
boom end by the headframe. 

Pulley blocks within the shaft and headframe pro- 
vided four lines of 3/4-in. hoist cable. The reduc- 
tion of speed and increased load capacity afforded 
advantage and protection when moving the slip 
forms. 


INSTALLATION 


A crew of seven men provided three within the 
shaft, a cager, material man on top, one engineer, 
and a foreman on each shift. A full pour of 18 
vertical ft was provided on each of 37 days during 
the 40 days required for installation. 

Nearly two full shifts were required for each 
early movement of forms, installation of rein- 
forcement, and pouring of concrete. Advantage of 
experience enabled reduction to 1 1/2 shifts or 12 hr 
to meet these needs during more than half the work. 

The balance of each day was utilized by installa- 
tion of shaft buntons and the escapement stairway 
as excluded from this review. 

Fabrication of the slip forms entailed 487.25 hr 
of labor. The cost of the finished forms amounted 
to 9.32 pct of the total for the partition wall. 

Partition wall installation would require 4480 man- 
hr when allowing two full shifts on each of the 40 
days worked. The actual charges amounted to 
5899.25 hr to indicate near 32 pct addition for 
miscellaneous related needs. 


CEMENT GROUTING 


High early cement grout injection proved ade- 
quate to meet the need for sealing out water in the 
air and material shaft. It did not suffice for suf- 
ficient reduction within the hoist shaft. 

Water fissure inflow was stopped during sinking 
and lining operations by the usual means of caulked 
closure with bleeder pipes extending through the 
forms for lining. Subsequent cement grout injection 
through the drain pipes afforded filling of fissures 
where water inflow required protection of concrete 
after pouring. 

Cement grout injection after completion of lining 
reduced the water leakage from 2.08 to 1.15 gpm in 
the hoist shaft. Permeability of the porous sand- 
stone penetrated within the upper 120 ft of this 
shaft afforded needs which were not met by cement 


grouting. 
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Fig. 12—Slip form handling facilities. 


CHEMICAL GROUTING 


The Halliburton Pressure Grouting Service of 
Duncan, Okla., was engaged to assist and direct the 
subsequent chemical grouting. 

Uniform pattern drilling provided approximate 
6-ft horizontal and vertical centers from a depth 
of 24 to 120 ft. Initial injection of PWG chemical 
grout provided delivery of 4833 gal through 118 
drilled holes. 

Initial injection was provided during the miners 
vacation period extending from June 27 through 
July 10, 1960. Supplementary work during the 
next weekend enabled injection of 804 gal of similar 
grout through 20 additional holes. 

The initial injection provided 69.57 pct reduction 
of leakage with near half the balance stopped by 
work during the next weekend. It provided a total 
reduction of 83.5 pct and limited the present leak- 
age to 0.19 gpm. 

The foregoing applies to water leakage within the 
full depth of shaft. It does not indicate the efficiency 
of chemical grouting as confined to the area of 
maximum need. 

Evaluation should await the findings during the 
next winter to ascertain if reduction was provided 
by blockage of flow within the permeable sandstone 
or limited to stoppage of passage through the con- 
crete lining. 

Detail review of chemical grouting appears to 
warrant a subsequent report of this work as handi- 
capped by the limited period available for provision. 


ACCIDENT PREVENTION 


Primary consideration was accorded reduction of 
hazard in all phases of sinking operations. 
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Roof support within the portals of the hoist shaft 
utilized 200 roof bolts with 325 provided in the sec- 
ond shaft. Earlier shaft work preceding develop- 
ment of roof bolt protection entailed an objection- 
able hazard with but limited opportunity of control 
or reduction. 

Sinking of the two deep shafts under review en- 
tailed need of 13,172 manshifts together with 798 
for installation of the partition wall as provided 
without a single lost-time accident. Management, 
the supervisors in direct charge, and the workmen 
involved are entitled to commendation for the 
creditable record. 


SUMMARY 


Material advantage was disclosed by the use of 
slip forms for installation of curtain wall in the 
large shaft. It sufficed to warrant future intended 
investigation and review of a comparable develop- 
ment for shaft lining in advance of additional sinking 
needs. 

The accomplishment outlined by this review has 
fulfilled our expectations and the required schedule 
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of job progress. The factors which enable realiza- 
tion are listed in the progressive order of expected 
import: 1) simplified plant requirements by use of 
ready-mix concrete; 2) steel forms where justifia- 
ble by shaft depth; 3) use of hoisting equipment with 
ample capacity and available speed of operation; 

4) adequate period for sinking and use of a minimum 
balanced crew for maximum efficiency of labor; 

5) development of interest and cooperation of the 
workmen as promoted by a sincere effort for pro- 
tection against accident or injury; 6) competant 
engineering and design, together with equipment 
adequate for the various needs; and 7) an aggressive 
effort by management toward realization of the po- 
tentials available. 

Advantage was also provided by workmen and 
local supervisors without handicap of shaft-sinking 
experience or obsolete practice. All workmen were 
experienced miners and appreciative of the hazards 
to be encountered in shaft work. Cooperation among 
the management staff and their open-minded re- 
ception of ideas for improvement or protection of 
the workmen afforded material advantage. 


INVESTIGATING CONSTRUCTION MATERIALS 
AND METHODS FOR STOPPINGS IN COAL MINE 


VENTILATION SYSTEMS 


Properly constructed stopes are necessary underground for proper ventila- 
tion and safe, healthful working conditions. Mining companies are concerned 
with providing the best possible stoppings at an economic cost. It is impor- 
tant to consider 1) proper materials, 2) construction that ensures maximum 
performance from the material used, and 3) keeping costs within reasonable 
limits for the unit operation—stopping—involved. The authors investigated 

all aspects of the problem and have attempted to layout a study program to 


provide information on all phases. 


Mizz companies every year purchase huge 
amounts of material for the construction of 
ventilation stoppings. This material by the time 

it is in place in the stoppings will cost the com- 
pany many thousands of dollars. In addition and 
more importantly these stoppings are supposed to 
confine air travel along certain well defined paths 
into areas where it is needed to provide safe and 
healthful atmospheres for workmen. The cost of 
forcing this air through the mine is large and in 
general increases as the total quantity increases. 
Consequently, if the stoppings leak, increased cost 
results and in addition unsatisfactory ventilation 
may prevail in the mine. Therefore, it is essential 
to provide the best possible stoppings at an eco- 
nomic cost. 

When attempting to provide the best stoppings 
possible at an economic cost, three aspects of the 
problem must be considered. These are 1) getting 
the most suitable material for stopping construc- 
tions, 2) constructing the stopping so as to get the 
best performance from the material used, and 3) 
keeping the cost of stopping construction to a 
minimum for a suitable stopping. This investiga- 
tion is concerned with all phases of the problem 
and has attempted to lay out a study to provide in- 
formation on all of them. 

In order to develop information on the best stop- 
ping material available it seemed wise, after con- 
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sidering the job a stopping must do, to investigate 
the following aspects of material used for stoppings: 
1) strength in compression, 2) compressibility or 
yield under load, 3) porosity, and 4) permeability. 
To provide information on the best manner of con- 
struction the following aspects of air leakage 
through the stopping were investigated: 1) when the 
stopping is built of dry stacked materials—i.e., the 
joints are not mortar-laid (See Fig. 1); 2) when the 
stopping is built of dry stacked material and then 
plastered on one side (see Fig. 2); 3) when the 


Fig. 1—A stopping built with dry-stacked material. 
Note the absence of mortar in the joints. 
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Fig. 2—A stopping built with dry-stacked material 
and plastered on one side. 


stopping is built of dry stacked material and then 
plastered and painted on one side (see Fig. 3); 4) 
when the stopping is built of mortar-laid materials 
(see Fig. 4), 5) when the stopping is built of mortar- 
laid materials and painted on one side (see Fig. 5); 
6) when the stopping is built of mortar-laid materi- 
als and plastered on one side; and 7) when the stop- 
ping is built of mortar-laid materials then plastered 
and painted on one side. 


Fig. 4—A stopping built of mortar-laid material. 
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Fig. 3—A stopping built of dry-stacked materials, 
plastered and painted on one side. 


MATERIAL INVESTIGATED 


All the materials investigated were cement blocks 
or shale bricks. A brief description of each block 
tested is given in Table I. 


Fig. 5—A stopping built of mortar-laid material and 
painted on one side. 
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Table I. Information Concerning Blocks Used to Construct The Stopping Tested 


ag ; Mixture with Block Making Machine 
Name Composition Size of Material, In. Cement, Parts Used Time Steamed Stored in Yard 

A Red dog block* 3/8 x 0 Red dog,* 5 Stearn plain pallet 2-1/2 to 3 hr kept 1 week to 

Cement, 1 6 blocks per cycle in dry heat 3 hr 10 days 
Cinder and lime- Limestone, 1.70 Stearn plain pallet 

B stone block 3/8 x0 Cinders, 4.30 4 blocks per cycle 8 to 12 hr 1 to 3 weeks 

Cement, 1.00 
f Bituminous coal Steam plain pallet Steamed 3 hr, left 1 week to 

G Cinder block 3/8 x 0 cinders, 7 3 blocks per cycle in kiln additional 3 months 
Portland cement, 1 19 hr 

D Red dog block 5/16 x 0 Red dog, 8 Steam cored pallet 12 to 15 hr 3 weeks to 
Portland cement, 1 2 blocks per cycle 3 months 
Cinders, 7.00 Besser plain pallet 

E Cinder block 1/4x0 Fly ash, 0.20 9 blocks per cycle 5 hr At least 7 days 
Portland cement, 0.80 

Crushed to 1/8x0 Hard blue shale, 4 Auger machine which Dried at 450°F for 
F Shale brick then to pug mill Top shale, 6 extrudes, cuts nine 24 hr then burned 
4x5x9-in. bricks per for 4 days at 2000 
cycle to 2200°F 
G Limestone block 5/16 x 0 Limestone, 7 Besser plain pallet 5 hr At least 7 days 


Portland cement, 


1 producing 900 blocks 
per hr 


*Red dog is material from a coal mine slate dump which has taken fire and burned. 


The mortar and plaster used in the tests were 
made of one part portland cement and two parts 
rock dust by volume with sufficient water added to 
make a workable mix. After being plastered or set 
in mortar, a specimen stopping was allowed to set 
for 15 to 20 hr before testing. 

Two types of paints* were investigated. The first 


*All painted stoppings were painted with asphalt paint unless 
otherwise noted. 


and more extensively investigated of these was an 
emulsified asphalt paint having the following compo- 
sition:* 


50/60 penetration asphalt 57.00 pct 
Treated clay emulsifier 2.32 pct 
Water 40.68 pct 


This paint was selected for these experiments be- 
cause it is fairly viscous, free from fumes, and 
presents a minimum fire hazard and was locally 
available. After painting, a specimen stopping was 
allowed to stand for 6 to 12 hr before testing. In 
each case the paint was dry and set before air pres- 
sure was applied. 

The second paint used was a patented rock sealing 
compound. About 5-1/2 lb of the dry powdered rock 
sealing compound were mixed with 5-1/2 pt of 
water. The resultant mixture was then applied with 
a brush to the surface of the stopping. The com- 
pound was allowed to dry and set for two days be- 
fore air under pressure was applied to it. 


THE TESTS 


Compressive Strength: The method of making the 
compressive strength tests conformed to the stand- 
ard procedures of the American Society for Testing 


Materials’ with the following exception: the material 
was tested 49 days after being delivered to the 
laboratory rather than 72 hr as called for by ASTM. 
The reason for this delay was that it wasn’t known 
how long the blocks had stood after being molded 
and the additional time was given so that any in- 
crease in strength with time would be about the 
same for all blocks. Fig. 6 is a photograph showing 
samples of the material as capped and ready for the 
testing. Fig. 7 is a photograph which shows some of 
the failed specimens. It will be noted that most of 
the specimens developed the characteristic wedge 
failure of compression. In general, the compressive 
strength of the blocks was fairly consistent, except 
in the case of sample A. Here one block developed 
an ultimate strength of only about one half the 
average. This block apparently was constructed 

of material somewhat different from the other A 
blocks. For example, it appeared to be finer 
grained. 

Compressibility or Yield Under Load: The specimens 
were capped as in the preceding test, placed between 
the platens of a compression machine and load was 
applied in increments of 20,000 lb (except the bricks 
which were loaded in increments of 30,000 1b) until 


. 6—Specimens to be tested in compression. 
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Fig. 7—Specimens after being tested to failure in 
compression. 


loaded to about two thirds of their ultimate strength. 
By means of strain gages the total compressive 
strain was measured after each load increment was 
applied. Strains were measured to the nearest 
1/1000 in. The compressibility at two thirds the 
ultimate strength of the specimen is expressed in 
percentage of the unloaded height of the specimen. 
Porosity: Porosity may be thought of as the voids 
enclosed within the bounding surfaces of a solid 
specimen. It also may be thought of as a measure 
of the fluid capacity of a solid. The fluid may be 
either a gas or a liquid. At the present time, inso- 
far as we know, there is no standard test for poros- 
ity applying to material commonly used for stop- 
pings in coal mines. There is a standard absorption 
test for concrete materials, but in view of the highly 
porous nature of some of these materials, it was 
not thought that this standard absorption test would 
constitute a very accurate test of the porosity. 

The porosity test used in this investigation is 
similar to that used for estimating the porosity of 
gas sands. In this method as used in these tests the 
volume of the specimen was computed from careful 
measurements of specimen dimensions by micro- 
meters and calipers. The specimen was then placed 
in a cylinder (see Fig. 9) that could be hermetically 
sealed. After the specimen was placed in the cylin- 
der and sealed, the air was evacuated from the 
cylinder and specimen to a vacuum of approximately 
0.01 in. of mercury pressure. Then a sufficient 
quantity of air measured by a carefully calibrated 
burette (see Fig. 10) was admitted to the cylinder 
containing the specimen to raise the gas pressure 
in the cylinder to atmospheric pressure. This proc- 
ess was repeated several times on each specimen 
tested and the average of the tests was taken as the 
void volume of the cylinder and specimen. The 
porosity then was computed from the following 
formula: 


Fig. 9—Equipment used 
for porosity tests. A is 
the cylinder cap, B is the 
cylinder, and Cisa 
specimen in the cylinder. 
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Fig. 8—Specimens tested for porosity. 


_A-(B-C) 


100 
A 


where P is the porosity in percent, A is the volume 
of specimen, B is the volume of empty cylinder, and 
C is the volume of fluid admitted to the cylinder 
with specimen in it. 

For porosity tests specimens were cut from the 
blocks to be tested by means of a water-lubricated 
diamond saw. For each test four specimens were 
prepared of all samples except the shale brick and 
of these six test specimens were cut. All test 
specimens cut were thoroughly dried at a tempera- 
ture of 105° to 110°C for several hours and allowed 
to cool in a desiccator before testing. Fig. 8 isa 
photograph of typical specimens tested. 

A photograph of the apparatus used is shown in 
Figs. 9 and 10. 

Permeability: Permeability may be thought of as the 
ability of a fluid such as air to pass through a 
porous material such as cement cinder block under 
the influence of a differential pressure across the 
material. Since no standard method has been de- 
vised for measuring the permeability of stopping 
material, a method similar to the one used in ob- 
taining the permeability of gas sands was employed. 
In this method as illustrated in Fig. 11 a test block 
approximately 5.75x4.25x4.25 in. and air-dried at 
105° to 110°C for several hours was embedded in 
wax in a hermetically sealed cylinder. By means 

of a compressor differential pressures across the 
block of 0.10, 0.20, 0.40, 0.80, and 1.60 in. of water 
were produced. At each pressure the air was 
allowed to flow through the specimen for 5 min to 
allow conditions to reach a steady state. Then the 
time for 1 cu ft of air to flow through the specimen 
at the various differential pressures listed above 
was obtained, volumes in all cases are expressed at 
atmospheric pressure 28.0 in. of mercury and 75° 
to 80°F. The permeability is expressed in cubic 
feet per minute flowing through 10 sq ft of material 
at the various differential pressures mentioned. 
Stopping Loss: As shown in Figs. 2 and 12 the blocks 
to be tested were built into a stopping 4 ft square 
and enclosed in an airtight box 15 in. by 4x4 ft 

(A, Figs. 2 and 12). This box on the upstream side 
is connected to a fan 2 ft diam (E, Fig. 12). The fan 
can produce a maximum pressure of about 7 in. of 
water, the pressure being subject to very close 
control. Leading from the box on the downstream 
side is a 6 in. pipe (B, Fig. 12) which can be con- 
nected to orifice meter runs of 6 in. (C, Fig. 12) or 
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3 in. (D, Fig. 12). In these runs 3x1/2,* 3x3/4 


*This designation is first the run nominal diameter and second the 
orifice diameter. For example a 6 x1-in. orifice plate means the orifice 
tun pipe has a nominal diameter of 6 in. and the orifice plate has an 
opening of 1 in. 


6x1, 6x2, and 6x4-in. orifice plates can be placed. 
The stopping box and the orifice runs are suitably 
tapped for pressure measurements across the 
stopping and orifice plates. Gages were available 
with which pressure could be read to the nearest 
0.01 in. and estimated to the nearest 0.002 in. of 
water pressures. By means of these orifice meters, 
air lost through the stopping could be measured 
accurately. Flows too low for measurement by the 
orifice meters were measured in a gasometer. The 
volume of air leaking through the stopping is ex- 
pressed in cubic feet per minute at 28.1 in. of 
mercury and 70°F. This base was selected because 
it was about the average prevailing during the tests. 

When constructing the dry stacked stoppings, suf- 
ficient wedges were used to hold the blocks against 
considerable pressure. The plastered stoppings 
were constructed by plastering the upstream side of 
the dry-stacked stoppings after they were tested. If 
a plastered stopping was painted and tested the paint 
was applied to the upstream side of the stopping for 
testing after the plastered stopping had been tested. 
The mortar-laid stopping was not wedged, as suf- 
ficient bond developed between the stopping and the 
sides of the steel box to hold it in place. Mortar- 
laid stoppings that were painted and then tested were 
painted on the upstream side after being tested as 
mortar-laid stoppings. In the case of all stoppings 
whether dry-stacked, plastered, and painted, or 
mortar-laid and painted, the contact between the 
stopping and box wall was sealed on the upstream 
side with a glazing compound. This was done be- 
cause the ratio of perimeter to area in the test 
stoppings is considerably larger than for most mine 
stoppings. Sealing the contact at least tends to 
minimize the effect of this factor. 


RESULTS OF THE TESTS 


A summary of the results of all the tests are 
shown in Table II and Figs. 13 and 14. 

It will be noted by studying Table II that all of the 
blocks tested developed sufficient strength in com- 


Downstream Pressure 
Gauge 


Fig. 11—Sketch of appa- 
vatus used to determine 


Fig. 10—Testing to determine porosity. Note the 
vacuum pump, A; cylinder containing specimen, B; 
manometer, C; and burette, D. 


pression to withstand any reasonable load that could 
come on them. The bricks, however, were by far 
the strongest as a structural material. The com- 
pressibility with load of all the materials is small. 
Better performance as stopping material probably 
would result if the materials would yield a greater 
amount without fracturing. Table III is constructed 
to bring out relationship between permeability, 
porosity, and strength. An inspection of this table 
indicates that little relationship exists between the 
various factors other than the strength of the 
materials tested tended to drop as the porosity 
increases. The assumption is often made that there 
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Table II. Properties of Stopping Materials Tested 


Permeability in Cfm per 
10 Sq.Ft at Differential 


Stopping Leakage per 16 Sq Ft in Cfm 
at Differential Pressure in 


Inches of Water 


Crushing Compres- - Pressures in Inches of Water 
ibili orosit 
0.4 1.6 0.10 0.50 1.00 2.00 4.00 —_Kind of Stopping 
: 111 276 420 630 Drystacked 
1.4 4.4 12 19 Drystacked and 
cement plastered 
ted dog 1457 0.24 48 shi 12.8 44.2 Lis 40. 68 117 185 Mortar-laid , 
block 35 eS 18 30 46 Mortar-laid and painted 
86 230 330 490* 760* Drystacked 
6.4 11 18 Drystacked and 
Block B: plastered 
portland 11 38 64 111 190 Mortar-laid 
cement 2238 0.24 SY 4.0 14.1 46.1 0.5 Peg 3.9 6.8 12 Mortar-laid and 
cinder plastered 
and lime- 2.6 8.0 13 20 33 Mortar-laid and painted 
stone 0.1* 0.4* 0.6 1.0 1.8 Drystacked, plastered, 
block and painted 
0.1* 0.2 0.4 0.6 1.0 Mortar-laid, plastered, 
and painted 
76 200 300 460 Drystacked 
2.4 hak ties 18 29 Drystacked and plastered 
Block C: 5.8 20 34 60 96 Mortar-laid 
portland 1248 0.13 52 0.3 ileal 4.2 0.5 23 4.6 9.4 19 Mortar-laid and 
cement plastered 
cinder 0.9 2.6 4.1 7.4 14 Mortar-laid and paintedt 
block 1.7 6.5 11 22 38 Mortar-laid and paintedt 
0.05 0.2 0.3 0.5 0.9 Mortar-laid, plastered, 
and painted 
Block D: 121 320 475 710* Drystacked 
portland 2115 0.27 40 ec 23.9 72.8 1.0 3.4 Shs) 8.6 15.0  Drystacked and 
cement plastered 
red dog 19 73 121 190 320 Mortar-laid 
block 5.8 19 31 49 73 Mortar-laid and painted 
93 240 350 530* Drystacked 
Block E: 1.4 4.4 7.0 12 19 Drystacked and 
portland plastered 
cement 1694 0.20 48 14.7 44.0 112 19 63 100 160 230 Mortar-laid 
cinder 1.6 5.0 7 eg § 12 17 Mortar-laid and painted 
block 0.3 0.9 1.4 2.0 3.4 Drystacked, plastered, 
and painted 
192 490 (pe 1150* Drystacked 
0.2 0.5 13 2.8 6.0 Drystacked and 
Block F: plastered 
brattice 9635 0.16 17 0.008* 0.033* 0.14* 1.4 Bes 9.2 16 22 Mortar-laid 
brick 0.05* 0.2 0.3 0.5 0.7  Mortar-laid and painted 
0.2* 0.4 0.8 2.4 Drystacked, plastered, 
and painted 
60 160 248 370 530* Drystacked 
Block G: 0.8 222 3.6 6.8 13 Drystacked and 
portland plastered 
cement 2680 0.11 27 0.91 3.4 THLE T5 27 47 80 135 Mortar-laid 
limestone 2.4* 6.6 10 16 24 Mortar-laid and painted 
block 0.02* 0.1* 0.2 0.3 0.6 Drystacked, plastered, 
and painted 
*Estimated. 


tPainted with emulsified asphalt. 
tPainted with a rock sealing compound. 


is a relationship between permeability and porosity 
of stopping materials. The tests on these blocks do 
not bear out this assumption nor do extensive in- 
vestigations of gas sands, a somewhat similar 
material, bear out this belief.* 

Relationship Between Stopping Performance, Man- 
ner of Construction, and Permeability of Material 
Used in Stoppings: Table IV has been constructed to 
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show the relationship between stopping performance 
and the permeability of the material used in its con- 
struction. An inspection of this table indicates that 
no such relationship exists between these items ex- 
cept in the case of the unplastered and unpainted 
stoppings constructed with mortar-laid joints. In 
the case of the stoppings with mortar-laid joints 

the stopping leakage in a general way increases as 


= 


Table Ill. Data Pertaining to Permeability, Porosity, 
Compressibility, and Strength of the Materials Investigated 


Porosity, Compressive Perme- Compressibil- 
Material Pct Strength, Psi ability* ity, Pct 
Block F 17 9625 0.0337 0.16 
Block G 2, 2680 3.4 0.11 
Block B 37 2238 14.1 0.24 
Block D 40 2115 23.9 0.27 
Block A 48 1457 12.8 0.24 
Block E 48 1694 44.0 0.20 
Block C 52 1248 at 0.13 


*Cubic foot per minute passed per 10 sq ft of area at 0.4 in. differ- 
ential pressure. 
tEstimated. 


the permeability of the blocks in the stoppings in- 
creases except in the case of A, B, D, and E blocks. 
The permeability of A and B was nearly the same 
and so was the leakage. D and E do not differ too 
greatly in permeability and neither did the leakage 
through stoppings constructed with them. The per- 
meability and leakage of A and B blocks are both 
lower than are the permeability and leakage of D and 
E blocks. Therefore, it seems that a simple per- 
meability test may roughly indicate a block’s per- 
formance when it is built into an unplastered and 
unpainted stopping with mortared joints. 

An inspection of this table also indicates the 
beneficial effect of painting and plastering stop- 
pings. Dry-stacked stoppings, of course, are not 
suitable for use except possibly as regulators or 
extremely temporary use under very low pressure 
differentials, but a dry-stacked plastered stopping 
from the standpoint of leakage performs very well 
indeed—as a matter of fact, much better than does 
the mortar-laid unplastered stopping. There is a 
tendency for the dry-stacked plastered stopping to 
leak somewhat more rapidly at higher pressure but 
even so it does not leak so badly as does the mortar- 
laid unplastered stopping. In this table it will be 
noted that the dry-stacked, plastered, and painted 
stopping leaked much less than did the plastered 


Fig. 12—Apparatus used for measuring stopping air 
leakage. A ts the box containing the stopping; B is 
the pipe leading leakage air from the down-stream 
side of the stopping box to the orifice meter runs, 
C and D; and E is the fan duct carrying air to the 
upstream side of the stopping box. 


dry-stacked stopping in the cases tested. It is 
probably true that painting the other plastered dry- 
stacked stoppings would have resulted in a similar 
reduction in leakage. Some variability exists in the 
leakage of the plastered dry-stacked stoppings but 
it is believed that this variability is due more to 
the variation in the quality of plastering than to the 
materials built into the stopping. 

Two stoppings were constructed of plastered, 
mortar-laid blocks. It will be noted that these 
performed about like the dry-stacked and plastered 
stoppings. Painting these plastered mortar-laid 


Table IV. Properties of Stoppings Tested 


Type of Stopping and Air Losst 


Dry-Stacked, Mortar- Mortar- Mortar Laid, 
Permea- Dry- Dry-Stacked, Plastered, Mortar- Laid and Laid and Plastered, and 
Material bility* Plastered and Painted # Laid Painted # Plastered Painted# 
Block F 0.144 1 0.37 9.2 0.3 NTtt NTtt 
Block C 4.2 300 11.3 NTtt 34 4.1 4.6 0.3 

Block G 1S 248 3.6 0.2 47 10.0 NT NT 
Block A 44.2 420 Thea NT 68 18 NT NT 
Block B 46.1 330 6.4 0.6 64 NT I) 0.4 
Block D 72.8 475 5.3 NT 121 31 NT NT 
Block E 112.0 350 1230) 100 NT NT 


*Cubic foot per minute of air passed per 10 sq ft of area at 1.60 in. differential pressure. 
+Cubic foot per minute of air passed per 16 sq ft of area at 1.00 in. differential pressure. 


+tEstimated. 

#Emulsified asphalt paint used unless otherwise noted. 
**Rock sealing compound paint used. 
+tNT means not tested. 
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Table V. Relative Leakage of Different Types of Stoppings Tested 


Leakage, Pct 


Painted and 
Plastered Plastered 
Painted, 
Mortar- Mortar- Dry- Mortar- Mortar- Dry- 
Block Laid Laid Stacked Laid Laid Siached 
A 100 10 27 
B 100 6 10 20 OFF 1.0 
le; 100 15 34 24 1.0 
D 100 5 27 
E 100 8 
F 100 19 3 6.3 
G 100 10 23 0.4 
Average 100 12.9 18.8 1.8 
Probable 


cement block stoppings also causes a further sub- 
stantial reduction in their leakage of air. 

A look at Table IV will indicate that the per- 
formance of the mortar-laid stopping is greatly 
improved by the use of paint. In general the mortar- 
laid painted stopping seemed to perform nearly as 
well as did the plastered dry-stacked stopping. Had 
two coats of paint been applied it seems entirely 
probable that even better results would have been 
achieved. 

At this point it is of interest to find out how much 
stopping leakage can be reduced by plastering or 
painting stoppings as well as by plastering and 
painting them. To develop this information Table V 
has been prepared. In this table the leakage of the 
mortar-laid stoppings as a class has been taken as 
100 pct. Then the leakage of other types of stopping, 
for example, mortar-laid and plastered stopping as 
a class has been expressed as a percentage of the 
leakage of the mortar-laid stopping. For example 
in Table V the leakage of mortar-laid stoppings as 
a class on the average is 100 pct; on a similar basis 
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DIFFERENTIAL PRESSURE — IN. OF WATER 


0.2 0.5 1.0 2.0 5.0 10 20 50 
VOLUME — CU FT PER MIN PER 16 SQFT OF STOPPING SURFACE 


100 200 500 800 


Fig. 14—Graph showing leakage of typical stoppings 
under differential pressures up to 5 in. of water. The 
letters on the curves identify the stoppings and ma- 
terial from which it is built. For example, C-M & 
PA means a stopping built of C blocks, mortar-laid 
and painted. Painted stoppings unless otherwise 
noted are painted with emulsified asphalt paint, 
Identification of materials is: M, PL, & PA— 
mortar-laid, plastered, and painted; DS, PL, & 
PA—dry-stacked, plastered, and painted; M & PL— 
mortar-laid and plastered; M & PA—mortar-laid 
and painted; DS & PL—dry-stacked and plastered; 
M—mortar-laid; and DS—dry-stacked. 
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0.1 0.2 0.3 0.5 1.0 2.0 3.0 5.0 10 20 «430 
VOLUME — CU FT PER MIN FOR 10 SQFT OF AREA 


Fig. 13—Graph showing the permeability of the ma- 
terials tested. The letters on the curves refer to 
the blocks and shale bricks from which the specti- 
men tested came. For example, C means that the 
samples tested for permeability came from block C. 


the plastered stoppings have a leakage on the 
average of about 12.0 pct; mortar-laid and painted 
stoppings on the average have a leakage of around 
19 pct and plastered and painted stoppings have a 
leakage of around 2.0 pct. The difference between 
the leakage of plastered stoppings as a group and the 
leakage of painted stoppings as a group is not 
statistically significant. However, the lower 
leakage of plastered and painted stoppings as a 
group as compared with other types is statistically 
significant. The results shown for individual stop- 
pings in this table should not be compared, because 
only one test of each is shown. Another test in any 
one case might show a considerably different result. 

Another factor brought out in the investigation is 
the great difference between stopping materials 
when not painted or plastered. For example, the 
mortar laid stopping built with Block D leaked 13 
times as much as did the mortar-laid stopping 
built with bricks and it leaked nearly 3 1/2 times 
as much as did the mortar-laid stopping built with 
Block C. With the exception of the bricks, which are 
somewhat more expensive, these blocks all cost 
about the same for a given area of stopping. While 
this investigation did not go into the matter, it is 
believed a great deal of variability occurs in the 
cinder and red dog cement blocks of a given manu- 
facturer. Consequently, it seems likely that con- 
siderable improvement in ventilation performance 
can be made by setting up adequate standards of 
production and an adequate testing program for the 
products to control this variability. 

Another factor of some interest developed by the 
investigation is the effect repeated application and 
release of pressure has on a stopping. Some-data 
were secured on this phase in the case of stoppings 
constructed of the dry-stacked and plastered A 
blocks and shale bricks. These results are shown 
in Table VI. This table shows the leakage developed 
by stoppings at a 4.0-in. water differential when 
pressures are raised and lowered from this pres- 
sure of 4.0 in. and then brought back to it. It will 
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Table VI. Effects of Pressure Variation Upon Stoppage Performance 


Leakage,* 


Leakage,* Leakage,* 
econ Third Fourth 
Type of Block Pressure at Application Application Application Application 
sed in Which Leakage of 4-In. of 4-In. of 4-In. of 4-In 
Stopping Was Measured Pressure Pressure Pressure Pressure 
Block A 4.0 18.5 Pressure 19.3 Pressure 19.5 Pressure 
raised lowered raised 
above below above 
Bricks 4.0 6.0 4.0 In. 7.4 4.0 In. 7.8 4.0 In. 8.2 


*Leakage in cubic feet per minute for each 16 sq ft of stopping area. 


be noted after each change of pressure from 4.0 in. 
of water that leakage was greater when the 4.0 in. of 
pressure was restored. This same development 
was noted in some of the painted mortar laid 
stoppings but not to so great an extent. These 
factors suggest that dry-stacked and plastered 
stoppings will perform better if the pressure upon 
them is alternately raised and lowered as little as 
possible. 


COST OF STOPPING CONSTRUCTION 


In Table VII are given some comparisons of the 
cost of stopping construction. 

Definite information is not available upon the cost 
of painting a stopping. Preliminary estimates indi- 
cate that painting should not cost more than $4.50 to 
$5.50 for a stopping 5 ft high and 18 ft wide. In view 
of the low cost of plastering and painting and the 
beneficial results of their use, as pointed out above, 
their cost in a stopping seems to be fully justified. 


CONCLUSIONS 


1) The cinder blocks, red dog blocks, and shale 
bricks tested have adequate structural strength for 
stoppings. 


2) It would be an advantage if all these materials 
would develop more compressibility or yield before 
fracturing under load. 

3) The porosity of stopping materials bears little 
relation to the leakage performance of the material 
in stoppings. Strength of the stopping material, 
however, may vary approximately inversely as its 
porosity. 

4) The leakage of mortar-laid, unplastered, and 
unpainted stoppings varies approximately directly 
as the permeability of the material of which they 
are constructed. For this reason, therefore, per- 
meability tests may be of value as an indication of 
suitable materials for stopping construction insofar 
as stopping leakage is concerned. 

5) In every case plastering the stopping greatly 
reduced leakage through it. Furthermore, if a 
stopping is plastered, the material of which it is 
constructed is secondary to the plaster in prevent- 
ing leakage. Therefore, it is important that the 
plastering job be well done if leakage is to be re- 
duced to ajminimum. On the average the leakage of 
a plastered stopping will be around 10 to 15 pct of a 
similar mortar-laid unplastered stopping. 

6) In every case tested, painting the stopping 
greatly decreased leakage. As in the case of 


Table VII. Relative Costs of Stopping Construction 


Relative Cost of Stopping Construction* 


Amount and Cost of Material 


Cost of Labor 


Total 
Type of Material of Type of Type of Labor Man Relative Cost 
Stoppingt Construction Construction Blocks Cement Rock Dust Done Hours Cost of a Stopping 
Solid red dog Dry-stacked 120 blocks, 1 bag, 4 bags, Hitch ribs 
Temporary or cinder and plastered $25.20 $1.45 $0.88 and stack 3 $ 8.26 $39.96 
cement blocks blocks 
Plaster 
entire face 1% $ 4.17 
310 bricks, 5 bags, 25 bags, Hitch ribs, 
pour footers, 
Permanent Shale brick Mortar-laid and lay 18 $50.06 $90.71 
not plastered $27.90 $7.25 $5.50 bricks and 
mortar 
120 blocks, 4 bags, 16 bags, Hitch tibs 
Red dog or Mortar-laid lay bricks 12 $33.37 ee 
ind t and plastered i 
Permanent cemen p $3.52 
entire face 14 $ 4.17 


*Does not include 1) cost of delivering material to site, 


+Single wall stopping having dimension of 5x18 ft. 


2) travel time, and 3) dinner period. Labor figured at $2.781 per man-hr. 
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plastering how effective the painting will be in this 
regard is determined by how well the painting is 
done. On the average the leakage of a painted 
mortar-laid stopping will be around 15 to 20 pct 
of a mortar-laid unpainted stopping. All painting 
was done with no pressure differential across the 
stopping. In practice paint should be applied under 
the same condition. 

7) Painting and plastering a stopping will decrease 
its leakage on the average to around 2 or 3 pct of the 
leakage through a mortar-laid unplastered and un- 
painted stopping. The exact amount of leakage, 
however, will be determined by how well the plas- 
tering and painting is done. 

8) A great variation insofar as permeability and 
leakage exists between the many different kinds of 
red dog and cinder concrete blocks on the market. 
Careful testing is required in order to pick out the 
blocks having the best characteristics in this re- 
gard. Much ventilation leakage can probably be 
traced to the use of stopping materials that have a 
very high permeability and for this reason more 
care Should be exercised in their selection and 
purchase. 

9) The pressure differential on stoppings should 
be varied as little as possible. This is especially 
true of stoppings constructed of dry stacked and 
plastered materials. 

10) During the investigation considerable varia- 
tion in the characteristics in a given manufacturer’s 
product was noted. It seems indicated, therefore, 
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that standards should be set up for stopping ma- 
terials and that a testing program be inaugurated to 
insure uniformity of product. 
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PROGRESS REPORT: A FIELD STUDY IN 


ACID MINE DRAINAGE 


Mine sealing programs for the alleviation of acid mine drainage were begun 
by the Federal Government in the ’30’s. As part of an acid mine research 
project to The Ohio State University, a field test was undertaken to deter- 
mine the effectiveness of mine seals for reducing mine acid. Details of the 
tests made at the McDaniels mine show the feasibility of aiy-sealing and 
flooding an acid-pyoducing drift coal mine. Work by the University con- 


tinues. 


he Federal Government undertook in the early 

thirties an extensive mine sealing program for 
the alleviation of acid mine drainage. In the states 
of West Virginia, Chio, and Pennsylvania many gen- 
eral summaries have been made on this program but 
no critical evaluation with supporting data has been 
found on the effectiveness of mine seals for reduc- 
ing mine acid. Because of this it was decided to 
undertake a field testing program as part of an acid 
mine research project of the Engineering Experi- 
ment Station, The Ohio State University. The ob- 
jective of this phase of the project was to develop 
and install a field research laboratory for acid mine 
drainage studies. 

Specifications for such a mine laboratory were 
developed and resulted from the following consid- 
erations: 

1) Size and preservation—the test mine should be 
of limited size to permit frequent and detailed ex- 
aminations; it should be in a reasonably sound con- 
dition to permit safe entry. 

2) Isolation—the mine should be physically sepa- 
rated from all other mines. 

3) Openings—a minimum number would be desir- 
able to reduce the sealing problem. 

4) Structure—the mine especially near the open- 
ings should be structurally sound. 

5) Acid production—the mine should be producing 
significant quantities of acid. 

After considerable searching, the McDaniels mine 
was selected in the Hocking coal field in Vinton 
County just above Lake Hope State Park in south- 
eastern Ohio. The small drift mine in the middle 
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Kittaning coal consisted of two small rooms with 
one mine opening about 6 ft above a seasonal stream 
bed. 

Before it was finally decided to seal the mine, a 
short study was made of the acid drainage over 
several months. Fig. 1 shows a plot of acidity 
(milligrams per liter), flow (gallons per minute), 
and acid production (pounds per day) vs time over 
the sampling period. Because the coal was overlain 
with a porous sandstone, the mine drainage was con- 
sistent the year around even though the mine was 
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Fig. 1—McDaniels mine: flow, acidity, and acid pro- 
duction, 
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Fig, 2—Design of mine seal; elevation view. 


minute by all comparisons. The mine seemed to 
have all the characteristics for the intended purpose 
including potential for good experimental control. 


THE MINE SEAL 


The seal was designed to permit a wide range of 
controlled conditions within the mine including air 
sealing, partial and complete flooding, use of arti- 


ficial atmospheres, and complete dewatering. It also 


was intended for inhibitor studies and possible bac- 


Fig. 4—Mine seal; interior view. 
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Fig. 3—Design of mine seal: plan view. 


terial studies. Continuous sampling recording equip- 
ment was also provided. 

Fig. 2 provides a profile view of the seal including 
its many features, Fig. 3 shows the plain view. The 
reinforced concrete and block structure has the 
unique feature of an air and water-tight manhole 
which permits convenient access to the interior of 
the mine. Methods for sampling of the mine atmos- 
phere and drainage were devised. A manometer for 
head measurement was included, plus a system for 
maintaining the mine water level at any elevation 
desired. 


EVALUATION OF THE SULFUR DISTRIBUTION 
IN THE COAL SEAM 


Because sulfur compounds contained in the coal 
seam are the basic ingredients in the formation of 
mine acid, it was necessary to determine the distri- 
bution of these materials in the seam as a function of 
elevation. This was necessary because as water 
rises incrementally in the mine during the flooding 
process, only exposed rib area equal to the water 
elevation or lower is covered. A sampling program, 
followed by a petrographic and chemical analysis of 
the sampled material, was used to determine the 
sulfur distribution. 

To complete the mine sampling two systems were 
used: 1) statistical distribution of many samples and 
2) a few column samples. The sample locations for 
both methods are shown in Fig. 6. Six sampling lo- 
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Fig. 6—Mine sample locations. 


cations with an average of seven samples per location 
were taken for the statistical evaluation, while only 
three sample locations were used in the column 
evaluation. 

The objective of the statistical approach was to 
determine the sulfur distribution in horizontal 
planes of small incremental thickness through the 
coal seam. The thickness of the planes was 6 in. 
with a sample taken where possible in the middle of 
the increment. Therefore at the six locations in 
Fig. 6, rib samples, using a rotary drill, were 
taken from the top to the bottom of the coal rib in 
6-in. intervals. 

Each of these samples were chemically analyzed 
for their sulfur content, and the tabulation of the re- 
sults is given in Table I. By taking all the sulfur 
values at equal elevations, the average sulfur con- 
tent in the horizontal planes through the seam was 
then calculated. 


t ._ Elevation = constant 
Pet Savy = (Pct S) i Vv 
0 


n A Elevation = 6 in. 
9 
= 
IN 
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Fig. 7—Incremental sulfur burden vs elevation in the 
coal seam. 


Table |. Incremental Sulfur Burden vs Elevation in the Coal Seam 


Pct Suifur 
Relative 
Elevation, Ft A B (¢ D E F Average 
55 = 2.17 4.97 
6.0 0.6 10.91 2.29 2.76 0.82 - 3.47 
6.5 2.91 4.5 2.80 
1.07 3.22 4.98 0.99 
8.0 3.19 2.99 3.99 1.27 2.56 
8.5 22 0.22 2 2.06 


A striking distribution of sulfur was noted when a 
plot was made of the data; see Fig. 7. It shows that 
the incremental sulfur burden is the highest at the 
top of the coal seam and slightly lower at the bottom 
of the coal seam. In between the top and bottom, the 
sulfur burden is lower but decreases directly with 
elevation in a straight line relation. The plot gives 
good support to the statistical sampling procedure. 
The plot gives support to a conclusion that many 
coal men have long had, ‘‘ That the sulfur content is 
higher in coal that is adjacent to impervious strata.’ 
The distribution of the points in the plot seem con- 
sistent in all cases, and it appears that the distribu- 
tion is reliable for describing the distribution of 
sulfur in the seam. 

When a cumulative plot of the sulfur burden is 
made by taking a summation of the incremental sul- 
fur burdens, an even more Striking curve results; 
see Fig. 8. The points fall precisely in line to 
form a smooth curve, and provides an excellent 
description of the sulfur distribution in the mine. 
The important application of the curve is made in 
determining the total amount of sulfur material 
above or below any elevation in the mine. This can 
be used to determine the amount of sulfur material 
covered as the water rised during flooding experi- 
ments. Or it can be used to determine the amount 
of sulfur material exposed to the mine atmosphere 
as the water level rises. 


PETROGRAPHIC ANALYSIS 


In order to be familiar with the mineralogical 
aspects of the coal seam, a petrographic analysis 
was run on two of three column samples taken from 


9 + 


ELEV. 
(ft) 


re) 10 20 30 40 50 60 70 80 90 100 
SULPHUR BURDEN (%) 


Fig. 8—Cumulative sulfur burden vs elevation in the 
coal seam. 
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Fig, 9—Disseminated pyrite (white blebs) in exinite 
bands, oil immersion, X250, Reduction approxi- 
mately 30 pet for reproduction, 


the mine. The locations of the columns designated 
1 and 3 are shown in Fig. 6. 

Both columns were taken into the Coal Laboratory, 
Ohio Geological Survey,* Columbus, Ohio. They 


*Analysis performed by G. H. Denton, head, Coal Section. 


were cut into 2X2-in. columns and then cut into a 
series of blocks averaging 2x11 in. throughout the 
thickness of each column sample. Each block was 
mounted in wood putty and then ground and polished 
using compounds of jewelers rouge and alumina. 

The primary objective of the examination was to 
determine the distribution and mineralogical charac- 
ter of the pyrite and other mineral matter associated 
with the coal bed. 

Pyrite generally occurs in a coal seam in massive 
lenses along bedding planes, or on cleat faces; or as 


Fig. 10—Dissemination pyrite (white blebs) in trans - 
lucent mineral matter (black blebs) in exinite and vi- 
trinite bands, oil immersion, X250. Reduced approxi- 
mately 30 pet for reproduction, 


small disseminated cyrstals, particles, or blebs in 
the various coal components. The massive lenses 
can be seen by the eye or by using a low magnifica- 
tion microscope of between X10 and X60. The dis- 
seminated pyrite is microscopic in size and is ob- 
served only with a higher magnification microscope 
(X150 to X300). 

From selected micrographs of coal samples taken 
from the seam and appearing in Figs. 9 and 10, 
disseminated pyrite associated with bands of ex- 
inite and micrinite are manifest. A somewhat dif- 
ferent type appears in Fig. 11 and shows pyrite 
occurring as cell fillings in fusain. The mineral 
matter other than pyrite is primarily calcite, shale, 
and some siderite; shale being the most abundant. 

Three channel samples, whose mine location is 


Table Il. Coal Analysis of Channel Samples 


Thickness of Sample No. 1, In. 


Thickness of Sample No. 2, In. 


5% Aver- 2% 7 Aver- 
Top 14% 13% ¥, Bottom age Top 11% 12 ] Bottom age 
Moisture, pct 0 0 0 0 0 0 0 0 0 0 0 0 
Proximate Volatile matter, pct 15.2 41.7 43.9 12.0 41.6 38.5 14.4 43.0 48.6 10.4 41.5 41.7 
Analysis Fixed carbon, pct WS) 42.6 50.1 esi 47.9 42.0 1352 45.1 47.1 2.9 47.3 42.8 
Ash, pet 66.9 6.0 80.3 10.5 19.5 72.4 11.9 86.9 L585 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Sulfate sulfur pet 0.57 0.35 2.38 0.15 0.22 0.31 0.74 0.29 0.10 0.19 0.22 0.24 
Total Pyritic sulfur, pct 2.86 2.88 0.22 0.15 2.59 IRIN 71 3.93 1.36 0.03 Sls 2.60 
Sulfur Organic sulfur pct 0.00 0.78 1.36 0.09 0.68 0.65 0.10 0.60 0.79 0.07 0.32 0.56 
Total sulfur, pct 3.43 4.01 4.80 0.39 3.49 3323 2.55 4.82 2.25 0.29 3.69 3.40 
Thickness of Sample No. 3, In. 
3% 7 Aver- 
Top 7 WY 10% ] Bottom age 
Moisture, pct 0 0 0 0 0 0 0 
Proximate Volatile matter, pct 19.5 40.6 45.5 43.1 17.2 42.3 40.5 
Analysis Fixed carbon, pct 28.9 42.5 47.1 50.0 15.4 49.4 45.1 
Ash, pct 51.6 16.9 7.4 6.9 67.4 8.3 14.4 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
Sulfate Sulfur, pct 0.41 0.29 0.24 0.19 0.13 0.22 0.24 
Total Pyritic sulfur, pct 4.54 4.60 3.07 2.44 0.47 2.40 Sel 
Sulfur Organic sulfur, pct 0.26 0.62 0.68 0.76 0222 1.20 0.73 
Total Sulfur, pet Sail Deo 3.99 3.39 0.82 3.82 4.09 


34 


shown in Fig. 6, were submitted to a proximate 
analysis. The analysis, shown on Table II, seems to 
correlate well with the petrographic analysis of the 
same samples. From the analysis, pyritic sulfur 
shows the tendency of being higher at the bottom and 
top of the coal seam. However the total sulfur 
seems to be fairly well distributed over the channel 
samples. Judging from the proximate analysis the 
medium to high sulfur coal possesses considerable 
potential for acid formation. 


MINE TESTING PROGRAM 


Beginning in October 1958, a field testing program 


began with the air sealing of the McDaniels test 
mine. In the early spring of 1959, the mine was 
water-sealed by closing the mine drain. The ob- 
jective was to evaluate the effect of mine flooding 
and sealing upon the formation and production of 
mine acidity in drift coal mines. 

Since the testing began, periodic mine atmosphere 
analysis and water analysis have been performed. 
Also the rate of rising water level in the mine was 
noted. 

The plot of the air analysis data (see Fig. 12) 
shows the effect of mine sealing on the inside mine 
atmosphere. The oxygen level decreased by 50 
pet to as low as 9 pct for a time, and finally held 
steady at around 10 pct. The oxygen level was sig- 
nificantly reduced and eventually should have its 
effect by decreasing the oxidation rate of the sulfur 
materials. Carbon dioxide showed a fairly steady 
concentration of around 2 to 3 pct, but this is nota 
true indication of the CO2 generated because of its 
soluability in water and subsequent escape in the 
water Seepage. 

The effect of the mine flooding and sealing on the 
acidity of the mine effluent is shown in Fig. 13. On 
the same plot is shown the correlation of the height 
of the mine water level with the acidity of the 
effluent. The curves show that as the height of the 
mine water level increased, the acidity of the mine 
effluent increased in a direct proportion. However, 
after the water level reached a plateau value, the 
mine effluent began to decrease and continued to 
decrease until the present time. It is believed that 
the acidity will continue to decrease as time goes 
by until a lower equilibrium value is reached. 


AIR 
ANALYSIS 
(%) 
Fig. 12—Air analysis: 
McDaniels mine. 


Fig, 11—Pyrite occurring as cell fillings in fusain, 
oil immersion, X250. Reduced approximately 30 
pect for reproduction. 


The coal seam, it was found, was considerably 
variable in thickness and bottom elevation. Fig. 14 
shows the profile elevations of six locations in the 
seam. The final mine water level is shown, and it is 
calculated that over 50 pct of the exposed surface 
area was covered by the water at its final level. 
The water reached an elevation that was 1.8 ft 
above the mine drain. 

The water remained at a fixed level for several 
months but was never able to reach a higher eleva- 
tion. This was probably a result of the equilibrium 
between the water inflow and the seepage out of the 
mine. The seepage was going under and around the 
seal. The mine floor was considerably above the 
water table and was approximately 6 ft above a 
seasonal stream bed. In the flooding of drift mines, 
frequently above the water table, maintenance of a 
high mine water level is a common problem. In the 
case of the McDaniels test mine, the water seepage 
should be significantly reduced before other future 
work is planned. 

The feasibility of air sealing and flooding an acid- 
producing drift coal mine such as the McDaniels 
mine has been demonstrated. In order to reduce 
water seepage under and around a mine seal, it will 
be necessary to incorporate special designs for 
seals above the water table. 


4) 5/, 6/. 
22 ‘4 
1959 


SAMPLING DATE 


=| 
| +—+—+—] 
| | | 0 
| | | | 
| | 
| | | 
| 
| | ~ | | | 
35 


of 

Mine. 175 

Efflent 7 | 

(PPM) 150 Height of 

| H,0 in mine 


125 (tr) 


Sampling Date 


Fig. 13—Acidity and water level curve for the Mc- 
Daniels mine. 


Additional work is suggested with the present 
seal, incorporating minor design changes, to de- 
termine the ultimate rate of acid formation over an 
extended period of time. Also of importance is the 
rate of acid formation as a function of the distribu- 
tion of sulfur burden in the coal seam. After the 
tests have been completed on the present test mine 
and seal with satisfactory conclusions, the next 
step would be to apply the knowledge to the sealing 
of a considerably larger acid-producing drift mine. 

The objective of this progress report is to advise 
the coal industry of the type and level of research 
currently in progress at one of the nation’s leading 
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Fig. 14—Column sampling elevations in the coal 
seam, 


mining schools. This is meant to be an indication 
that the schools are sensitive and alert to some of 
the major critical problems of the industry and 
hope to make a significant contribution to thier 
eventual solution. 
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EXPERIMENTAL WORK IN THE DEGASIFICATION 
OF THE PITTSBURGH COAL SEAM BY 
HORIZONTAL AND VERTICAL DRILLING 


A comprehensive report on extensive experimentation in degasification of 

the Pittsburgh Coal seam is presented. Detailed accounts of the procedures 
and results are given for permeability tests, vertical bore hole tests, mea- 
surement of gas flow from sealed drainage areas, horizontal rib hole tests, 


and water infusion tests. 


ies removal of methane gas from coal seams in 
advance of mining is not a new idea with mining 
men—much attention has been given to the possi- 
bility for many years. In other parts of the world, 
a principal concern has been in the recovery and 
utilization of the gas and a number of successful 
projects have been developed in Europe and else- 
where. In this country, the principal motivation has 
been related to the safety aspect with some possible 
side benefits concerning costs and efficiency in 
mining as secondary objectives. 

To date, experimental work in this country has 
been largely or entirely exploratory to determine 
bed characteristics with respect to the liberation of 
combustible gases to investigate or establish the 
possibility of degasification in advance of mining 
and as an aid in projecting mine ventilation systems 
to provide for safe, effective and economical han- 
dling of combustible gases liberated during mining. 

With these objectives in mind, the School of 
Mines and Engineering Experiment Station at West 
Virginia University, in cooperation with the Christo- 
pher Coal Co. of Osage, W. Va., initiated some 
experimental work in May 1952 and the project has 
been more or less continuous since that time. The 
work has been centered entirely in mines of the 
cooperating company in Monongalia County, W. Va., 
and Greene County, Pa. 


LOCATION AND GENERAL CONDITIONS 
OF THE AREA 


The principal mining in the area involved is in 
the Pittsburgh coal seam which lies at the bottom 
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of the Monongahela series of the Pennsylvanian. 
The Pittsburgh coal in the area is generally uni- 
form in its structure and physical characteristics. 
The bed thickness averages about 7 to 8 ft and the 
coal has a characteristic blocky structure as the 
result of pronounced face cleats and definite, but 
somewhat less pronounced, butt cleavage. It is a 
medium volatile coal, averaging about 37 pct, and is 
marketed principally as a steam fuel and for metal- 
lurgical purposes. 

The Pittsburgh coal outcrops along the Monon- 
gahela River and dips gradually, but not uniformly, 
slightly north of west (about N75°W). The westward 
extensions of the bed, from the areas contiguous to 
the Monongahela River which have been heavily 
mined, constitute the principal reserves and are 
all well below drainage with the depth of cover in- 
creasing with the distance from the river. In gen- 
eral, with deeper cover, it may be expected that 
methane liberation will be more of a problem in 
future mining as compared to areas mined pre- 
viously; therein lies the interest in possible de- 
gasification in advance of mining. 

Fig. 1 shows the Pittsburgh coal area in the 
vicinity of Morgantown in Monongalia County, W. 
Va., and Greene County, Pa., in which the experi- 
mental work discussed is located. 

Fig. 2 shows the contours on the Pittsburgh coal 
in the test area. It will be noted that the first two 
bore holes for the experiments were at the edge of 
a bench or terrace with considerable change in the 
gradient in the immediate vicinity of the test holes 
and that the same general condition applies to later 
test areas. 

Mining is intensively mechanized in the area and 
in the mines involved in the experimental work with 
corresponding rapid advance of working faces a 
typical characteristic. In the areas now mined the 
total methane liberation ranges from mcderate to 
relatively heavy, but the actual face liberation is 
extremely variable and may range from practically 
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Fig. 1—Map of area underlain by Pittsburgh coal. 


zero to relatively heavy within a short distance in 
the same working place. 


EXPERIMENTAL PROCEDURE 


The first work, started in 1952, had the following 
stated objectives and projected procedures: 

1) The immediate interest is in determining the 
characteristics of the Pittsburgh coal bed with re- 
spect to the liberation of methane or other com- 
bustible gases and to explore the possibility of de- 
gasification in advance of mining to reduce the inflow 
of such gases into the underground developments. 
Recovery or utilization of the gases released or 
removed from the coal and/or associated strata is 
not considered as a part of the program at this 
time. 

2) The original projected procedure included: 
first, drilling two holes from the surface through 
the Pittsburgh coal in an area to be traversed by a 
set of new main entries leading from the existing 
development to a new shaft opening; secondly, the 
two wells proposed to be cased separately to the 
bottom of the Sewickley coal (approximately 90 ft 
above the Pittsburgh) to permit selective mea- 
surement of the gas flowing from the two horizons; 
and third, to attempt to supplement the normal gas 
flow and gas pressure by establishment of vacuum 
on one or both wells and by application of booster 
pressure on one of the wells selected as the input 
well with suitable tracers added to the well liquid 
or input gas to identify any movement to the other 
well maintained as an output well and establish 
relative permeability of the intervening strata. 
Next, one or both of the original drill holes had to 
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be shot at the horizon of the Pittsburgh coal to 
determine the possible effect on gas drainage. The 
next step was to examine the area affected by the 
shot or shots when exposed by subsequent mining 
to observe the physical effects of the blasting on 
the coal and adjacent strata and to determine the 
extent of gas reduction in the vicinity of the drill 
holes. Finally, additional studies in the laboratory 
and at the working faces underground were needed 
to supplement drill-hole data on strata permea- 
bilities and gas liberation. 

These planned procedures have been modified 
and expanded as the work progressed and as seemed 
to be desirable. An early modification included the 
measurement of gas flow from sealed drainage 
entries driven into the virgin coal area in the 
vicinity of the other experimental work by means 
of a third drill hole from the surface. Other changes 
and additions have been incorporated at various 
times, but the basic objectives have remained the 
same. 

More recent developments in the program have 
included the study of additional bore holes from the 
surface, an attempt to hydraulically fracture the 
coal seam to increase the drainage zone, the ex- 
tensive use of horizontal drill holes in advance of 
the working faces, and experiments with water in- 
fusion as a means of stimulating and controlling gas 
drainage. 


PROGRESS AND RESULTS 


Nos. 1 and 2 Drillholes: In keeping with the original 
plans developed, locations for the first two drill- 
holes (1 and 2) were selected and drilling started 
May 14, 1952. Fig. 3 shows the location of the drill- 
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holes relative to the existing and projected mine 
development in the vicinity of the tests. The entries 
shown as 6 East Section and 1- Left-6 East Section 
represent the extent of development at the time the 
new ventilation and portal shaft was started. The 

6 North Section had advanced approximately to the 
location of the No. 3 drillhole when the experiments 
began. 

The No. 1 vertical hole was located 450 ft west of 
the projected line of the 6 North entries to permit 
freedom in carrying out the tests without unneces- 
sary interference with mining operations. Drilling 
was completed to a depth of 468 ft, through the 
Pittsburgh coal, June 6, 1952. The hole was cased 
with 5 1/2-in. OD casing to 351 ft, or about 20 ft 
above the Sewickley coal, and the casing cemented 
to exclude ground water. Drilling was continued 
through the casing to the final depth. A packer set 


at 442 ft, or approximately 20 ft above the Pittsburgh 


coal, and 2-in. tubing from the surface to the same 
level provided delivery of gas from the Pittsburgh 
seam through the tubing and from the Sewickley 


coal through the outside casing. 
Some gas was found in the Sewickley coal (370 to 


eck | AIRSHAFT— 


4000 FT 


Fig. 2—Contours on the Pittsburgh coal in the 
test area. 


378 ft) which developed a shut-in pressure of 12 psi 
but did not maintain a sustained flow. It is noted, 
however, that there were no means to dewater the 
outside casing and, with ground water having been 
encountered in the Sewickley coal and adjacent 
strata below the cemented casing, it is assumed 
that any gas flow present was shut off by the water 
head in the casing. 

The packer, set at 442 ft, shut off the water in- 
flow above that point and restricted the gas inflow 
to the Pittsburgh coal and immediately adjacent 
strata. A small increase in gas flow was observed 
at 448 ft, but gas production was not appreciable 
until the top of the Pittsburgh coal was reached at 
about 458 ft. At its final depth (468 ft) and with the 
water bailed out, the hole developed a shut-in pres- 
sure of 21 psi and produced approximately 40,000 cu 
ft daily. Water inflow encountered below the packer 
reached a crest at about 45 ft from the bottom of the 
hole and, at that level, reduced the gas flow to from 
4000 to 6000 cu ft per day. The water was removed 
by bailing at various times over a period of ten 
months, and, in each case, the gas-flow was re- 
stored to near its original volume. 
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Fig. 3—Location of drillholes relative to the existing and projected mine development in the vicinity of 


the tests. 


The No. 2 vertical hole was located 200 ft west of 
the No. 1 hole on a line approximately perpendicular 
to the face cleavage of the coal seam. Drilling was 
started June 23, 1952, and, by July 16, the hole was 
completed to a depth of 515 ft, approximately 20 ft 
below the Pittsburgh coal. The surface elevation 
was 1188.07 ft, and the Pittsburgh coal was entered 
at an elevation of about 703 ft as compared to 709 ft 
in the No. 1 hole. Because of the limited flow of 
methane from the Sewickley coal in the No. 1 hole 
and the relatively heavy inflow of ground water en- 
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Fig. 4—Production rates for Nos. 1 and 2 drillholes 
following the beginning of continuous dewatering of 
No. 2 hole, Aug. 19, 1952. 


countered at various horizons, no provisions were 
made to remove the gas above the zone of the Pitts- 
burgh coal in the No. 2 hole, and 5 1/2-in. OD casing 
was installed and cemented in place from the surface 
to the 461 ft level, approximately 24 ft above the 
Pittsburgh coal. Drilling was continued through the 
casing to the final depth of 515 ft, or 20 ft below the 
bottom of the Pittsburgh coal, to provide a water 
pocket to permit complete dewatering of the coal 
face with pumping equipment. 

No appreciable gas flow was found from the 
Sewickley or other coal beds above the Pittsburgh. 
Gas was first observed at 482 ft, or about 3 ft above 
the Pittsburgh coal and increased as the bed was 
penetrated to about 25,000 cu ft per day. Water in- 
flow reached a crest at about 73 ft in the hole, or 
45 ft above the coal, and reduced the gas flow to 
around 1500 to 2000 cu ft per day at that level. The 
water was removed by bailing several times over 
a period of 30 days following the hole completion 
with the gas flow remaining about constant from the 
dewatered hole. 

A bottom-hole pump discharging through a 1-in. 
tubing was installed Aug. 19, 1952, and the hole was 
pumped continuously, except for occasional equip- 
ment failures, until Apr. 10, 1953. The gas flow 
diminished gradually to about 10,000 cu ft daily until 
Feb. 13, 1953 when a rotary-type vacuum pump with 
a discharge capacity of 28 cfm was installed and the 
gas flow increased to about 16,000 cu ft per day. 
From the time of their completion to Apr. 10, 1953, 
the two drillholes produced in excess of 5,000,000 
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Fig. 5—Location of 1960 experimental work, 


cu ft of methane of which about 3,000,000 cu ft came 
from the No. 2 hole. 

Fig. 4 shows the production rates for the Nos. 1 
and 2 drillholes following the beginning of continuous 
dewatering of the No. 2 hole Aug. 19, 1952. 

The gas quality remained constant throughout the 
tests with analysis by fractional distillation in the 
laboratories of the W. Va. Geological Survey show- 
ing the following: 


Methane, pct 97.73 
Nitrogen, pct 1.00 
Carbon dioxide, pct L.27 

100.00 
Specific Gravity 0.5694 
Btu per cubic foot 972 


At no time during these tests was any communica- 
tion between the two holes by movement of either 
liquids or gases definitely established, although 
various tracers, including radioactive salts, were 


including Nos. 4 and 5 vertical drillholes. 


added to the liquid in the No. 1 hole and air pressure 
of 150 psi applied. 

Shooting of No. 2 Drillhole: After ten months of 
observation of gas drainage from the original two 
bore holes, that phase of the study was terminated 
Apr. 10, 1953, and the pumping equipment removed 
from the No. 2 hole to prepare it for shooting as 
originally planned. 

Two distinct possibilities were recognized in ad- 
vance of the shooting: first, as was hoped, the shot 
could produce sufficient fracture of the strata in the 
vicinity of the hole to expose a greatly enlarged 
drainage surface in the coal bed and increase the 
rate of gas liberation; second, that the lateral pres- 
sures developed would act to compact the strata 
beyond the immediate fracture zone and close the 
cleavage plane openings or other drainage paths. 
The latter effect appeared to have been the result. 

The original shot, made Apr. 11, 1953, consisted 
of 12 qt of nitroglycerin confined in a 10-ft by 
4 1/2-in. shell centered at the mid-point of the in- 
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dicated thickness of the Pittsburgh coal. The shot 
was stemmed with 40 ft of Calseal cement with the 
remainder of the hole completely filled with water. 
There was, however, some uncertainty as to the 
detonation of the charge, and the hole was cleaned 
out to within 5 ft of the top of the shot and a water- 
stemmed bump shot of 10 qt of nitroglycerin made 
at that level. Following that shot, the hole was 
cleaned out, but gas liberation in excess of about 
2000 to 3000 cu ft per day was not restored, and 
further work on the Nos. 1 and 2 drillholes was 
abandoned. 

No. 3 Drillhole and Drainage Headings: Concurrently 
with the work on the Nos. 1 and 2 drillholes in 1952 
and 1953, additional observations were made of 
sustained gas drainage into a set of underground 
entries. The system of four parallel entries desig- 
nated in Fig. 3 as 6 North Section showed sustained 
gas liberation in considerable quantity as they were 
advanced. The entries were 157 ft on 45 ft centers 
with breakthroughs driven on 70-ft centers. The 
gas liberation was not uniform or continuous at the 
faces, but the solid ribs maintained sustained gas 
release from fissures and from blowers at various 
points. The development was stopped Sept. 15, 1952, 
after having been advanced 4000 ft from the 6 East 
Section and seals erected at their out-bye terminus. 
Pipe outlets were provided in each of the stoppings, 
and, for a time, the gas was conducted in controlled 
quantities that could be safely handled through 
plastic pipe to a main return air current and carried 
directly to the outside. When the gas flow continued 
undiminished for two to three wecks, a drillhole 
from the surface, No. 3, was sunk to bleed off the 
gas from the sealed area. The hole was completed 
Nov. 15, 1952, and cased with 6 1/4-in. OD pipe, 
after which the pipe outlets in the underground seals 
were closed and the gas discharged on open flow to 
the outside through the bore hole. With open flow to 
the outside, the measured discharge from the section 
was approximately 500,000 cu ft daily and, in the 
succeeding seven months produced in excess of 
60,000,000 cu ft of gas. The total would have been 
larger except for the restriction imposed by the 
installation of an orifice meter which developed 
sufficient back pressure to limit the flow. The gas 
quality remained fairly constant as indicated by the 
following analyses: 


Carbon 
Location of Specific Methane, Nitrogen, Dioxide, 
Date Sampling Gravity Pct Pct Pct 
9/29/52 Entry Seals 0.5782 97.60 0.65 175 
11/19/52 No. 3 Drillhole 0.5715 97.98 0.38 1.64 
12/22/52 No. 3 Drillhole 0.5874 94.15 4.15 1.70 
3/17/53 No. 3 Drillhole 0.5759 96.58 2.00 1.42 


No. 4 Drillhole and Hydraulic Fracturing Experiment: 
In the current series of experiments, two power-drop 
bore holes, drilled well in advance of underground 
development in virgin coal territory, have been uti- 
lized. 

Fig. 5 shows the location of current experimental 
work including the Nos. 4 and 5 vertical drillholes. 
The first of these, No. 4, was drilled in January 
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1959 to a depth of 465 ft through the Pittsburgh coal. 
The hole was cased with 6 5/8-in. standard casing 
to the top of the coal and was grouted with 70 bags 
of cement poured from the surface into the annular 
space between the casing and the hole wall. The 
grout was used to exclude surface water from the 
mine when the underground development reached 
that location. 

The completed hole produced considerable gas as 
well as water from the horizon of the Pittsburgh 
coal. With the water, which reached a natural crest 
290 ft from the bottom, bailed out the gas volume 
measuring 60,700 cu ft per day on open flow and de- 
veloped a shut-in pressure of 35 psi. The gas flow 
diminished as the water level raised and was stopped 
completely when the crest was reached with 290 ft of 
water in the hole. 

Feb. 7, 1959, with the cooperation and active par- 
ticipation of Dowell Inc., an attempt was made to 
hydraulically fracture the Pittsburgh coal from the 
No. 4 drillhole. The fluid used was water with only 
fluorscein dye added as a tracer to permit identifi- 
cation of any seepage of the input water from under- 
ground working faces in the vicinity. Approximately 
10,000 gal of water were pumped into the hole ata 
rate of 126 to 210 gpm with a maximum pressure of 
600 psi. After the pressure reached a maximum of 
600 psi, it remained constant for the duration of the 
pumping. On the basis of that evidence, it was con- 
cluded that a true fracture was not indicated but 
rather the washing out or flushing of existing frac- 
tures. Ordinarily, in oil and gas sands, a true frac- 
ture is determined by observation of the pressure 
which normally will show a definite breakdown 
from the peak pressure when the fracture has been 
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accomplished. It was the opinion of the engineers 
in charge that, because of natural cleavage planes, 
an injection rate of 25 to 30 bbl per min would be 
required to produce a true fracture as compared to 
the 3 to 5 bbl capacity available for the experiment. 

After the fracture attempt, a bottom-hole pump 
was installed to maintain continuous dewatering of 
the hole. One day after the pump was put into 
operation, the gas liberation showed an open-flow 
volume of 150,000 cu ft per day and a shut-in pres- 
sure of 35 psi. This rate of production was main- 
tained for ten days at which time a mechanical 
failure put the pump out of operation for the fol- 
lowing nine days. An interesting coincident, but not 
proved or assured to be related, development was 
that on the day following the pump failure, with no 
gas release from the drillhole, the underground 
working section, 400 ft ahead of which the bore hole 
was located, experienced a substantial increase in 
gas liberation, sufficient to require a temporary 
shut-down. It may be presumptuous to assume the 
change in face conditions to have been due entirely, 
or even in part, to the well shut-down as a clay vein 
was encountered at about that time and such struc- 
tural deviations in the seam normally produce 
severe variations in the gas liberation at the faces. 
The condition continued, however, until the day after 
the pump was put back into operation and then im- 
proved. 

In 50 days of production, including the pump down- 
time, the total volume of gas metered was 2,460,734 
cu ft. A typical analysis of the gas is: 


Pct 
Carbon Dioxide 5.4 
Oxygen 0.2 
Nitrogen 5.6 
Combustibles 88.8 
100.0 


At the time of the fracture, Feb. 7, 1959, the un- 
derground working area was 1500 ft north of the 
bore hole. When the faces had advanced to within 
250 ft of the hole, daily inspections were made to 
detect any fractures or strata disturbance not 
normally associated with the coal seam. Water 
samples were collected and examined visually for 
any evidence of the fluorescein dye carried by the 
fracture fluid. No fractures were observed until the 
coal had been removed from the crosscut in which 
the hole was located. The fracture in the top coal 
began at the hole and followed the face cleavage for 
a distance of about 12 ft when it became indistinct. 
There was, however, general evidence of roof 
damage and it was necessary to timber heavily in 
the vicinity of the bore hole. The green tint of the 
fluorescein dye was not detected until the faces were 
within 120 ft of the bore hole and became increas- 
ingly obvious as the hole was approached. 

It also was observed that the hole casing had not 
been cemented by the grouting from the surface to 
its total depth with the effect that the fracture fluid 
had not been confined definitely to the coal horizon 
but had been given access to the overlying strata. 


Some of the roof damage may have been due to this 
circumstance, which probably can be remedied by 
pressure grouting from the bottom in accordance 
with standard oil and gas well practice. 

During the two months of this test, changes in the 
gas liberation from the underground working faces 
were noted from time to time. It was, however, the 
general opinion of the working crews and foremen 
that the gas liberation was reduced as the hole was 
approached as long as the bore hole produced gas in 
continuous volume. 

No. 5 Drillhole: The second of the power-drop bore 
holes, No. 5 drillhole, included in the current series 
of tests, was drilled in August 1959 to a depth of 
455 ft at the bottom of the Pittsburgh coal. The hole 
was cased with 6 5/8-in. standard casing to the top 
of the Pittsburgh coal and pressure grouted to that 
level by a well service company prior to completion 
of the drilling through the coal. The hole made both 
gas and water with the gas flow shut off by the water 
column which reached a static level 365 ft from the 
bottom. 

A bottom-hole pump was installed and with the 
water removed the hole produced approximately 
24,000 cu ft per day and developed a shut-in gas 
pressure of 28 psi. Pumping was started October 14 
and was continued with the gas discharging on 
normal open flow until Dec. 15, 1959, at which time 
a 28-cfm blower was installed. The addition of the 
blower increased the gas delivery from about 23,000 
to 35,000 cu ft per day. A larger blower with a 
capacity of about 200 cfm was installed Jan. 12, 
1960, and, with a vacuum of 7 in. of mercury de- 
veloped, the gas output was increased to about 57,000 
cu ft per day. The total gas production from the 
drillhole to Jan. 18, 1960, is 2,816,600 cu ft. Itis 
contemplated to keep the well in production until the 
bore hole is exposed by underground mining. 

The composition of the gas has remained fairly 
constant with the following representing an average 
analysis: 


Pet 
Carbon dioxide 2.8 
Oxygen 0.6 
Nitrogen 6.1 
Combustibles 90.5 
100.0 


HORIZONTAL DRILLHOLES 


During the past year, company engineers and 
management have experimented extensively with 
horizontal drillholes in advance of working faces as 
a means of accomplishing methane drainage from 
the seam. 

It has been established that for the coal seam and 
area under consideration, face liberation during 
mining is very erratic and may be relatively small 
as compared to the liberation from the solid coal 
ribs adjacent to the virgin or unmined coal areas 
out-bye the working faces. Sustained gas liberation 
from the solid ribs, concentrated in blowers and 
feeders rather than as distributed emission from the 
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exposed coal surfaces, is the general condition. It 
follows, of course, that at the time such blowers and 
feeders are intersected or exposed during mining, 
the liberation at the working face may be rather 
heavy for a short time interval. 

The drillholes used are located in the solid ribs 
to provide a drainage channel between the solid coal 
areas and the rib lines of the working places as they 
are advanced. The drilling pattern and sequence 
have been correlated with the system of mining and 
face ventilation in effect for development work, 
using ripper-type continuous miners discharging 
to the mine floor with conventional loading and 
shuttle cars providing for movement of the coal to 
extensible belt section haulage. Fig. 6 shows the 
face development plan for a typical section with the 
horizontal drilling pattern indicated. 

It should be noted that, all reports and claims to 
the contrary, the availability of equipment and 
methods for drilling horizontal holes to consider- 
able depth, 500 ft and up, with reasonable directional 
control and the space and time limitations which 
apply to underground coal mining, appear to be non- 
existent. Various trials were made with the hope of 
drilling holes in excess of 500 ft, but none were 
successful or satisfactory. 

With the plan adopted, holes are drilled from the 
two outside working places in a development section 
at intervals corresponding to the spacing of cross- 
cuts with a hand-held coal drill. The drilling head 
consists of a2-in.,two-prong coal bit and a 10-ft 
fluted auger followed by a hollow drill stem in 10-ft 
sections which provides for flushing the cuttings 
from the hole by a water stream. The holes have 
ranged from 100 to 150 ft in length and are drilled 
from the coal face, starting about 4 ft from the out- 
side rib and 4 ft from the floor and angled about 15° 
into the rib. The drilling is done through an exten- 
sion of the brattice, which regularly is located on 
the return side of the working place, to direct any 
gas drainage from the hole during drilling into the 
return air current. With a two-man crew, the drill- 
ing time for the two rib-line holes for each advance 
has been about 4 hr. 

This horizontal drilling program has been applied 
to approximately 14,000 ft of main and cross-entry 
development with about 240 holes drilled to date. 
Practically all of the holes have produced methane in 
appreciable volume with some of the higher, but not 
unusual, liberations ranging from 90 to as much as 
135 cu ft per min. One exceptional case was a hole 
drilled approximately 700 ft south of the No. 4 
vertical drillhole discussed above. The hole pene- 
trated a clay vein and was stopped at a depth of 70 ft 
because of the heavy gas liberation encountered. The 
gas output measured 193 cu ft per min, or 200,000 cu 
ft per day, and showed a shut-in pressure of 60 psi 
when first drilled. 

This phase of the degasification program cer- 
tainly has proved to be of practical and immediate 
benefit in stabilizing the rate of face liberation 
during mining and the reduction of lost time and 
tonnage because of sharp increases in face libera- 
tion sufficient to interrupt operations. 
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An interesting, and as yet unexplained, observation 
related to the horizontal drillholes has been the 
rather wide variation in gas composition which has 
been in direct conflict with experience to date with 
the vertical drillholes which have shown essentially 
constant analysis. 

One series of samples with the analysis checked 
by two or more laboratories showed the following 


range: 


Maximum Minimum 
Methane 86.1 62.7 
Carbon dioxide 7.4 6.0 
Oyxgen 6.6 1.4 


For another series of samples, spectrograph 
analyses showed the following detailed composition: 


Maximum Minimum 
Methane 93.40 75.80 
Ethane 0.03 0.03 
Propane 0.02 0.01 
Oxygen 4.10 0.20 
Carbon dioxide 8.00 3.10 
Nitrogen 1.20 
Argon 0.20 0.02 


WATER INFUSION AS AN AID 
TO DEGASIFICATION 


A recent addition to the degasification studies, 
starting in October 1959, has been the investigation 
of the influence of water infusion of the coal seam 
in advance of mining on the rate of gas liberation 
from the faces and from the out-bye solid ribs. A 
secondary point of interest has been the possible 
effect of infusion with water and detergent additives 
in reducing or allaying dust produced in mining. The 
U.S. Bureau of Mines has participated actively in 
this phase of the work and a Bureau engineer has 
been assigned to the project. 

The water infusion program has been in progress 
approximately three months and infusion tests have 
been made at three locations in the same mines. In 
these tests, rib line drillholes at the face as used 
for the underground horizontal drilling plan are 
used for water injection. The injection rate has 
been approximately 15 gpm and the maximum in- 
jection pressure, which builds up gradually as the 
process continues and as the water quantity forced 
into the strata increases, has been approximately 
150 psi. The pump used has a pressure capacity of 
600 psi, but strata resistance approaching that value 
has not been established. The injection time for the 
tests made to date has varied from 16 to 44 hr, and 
the quantity of water infused has ranged from 15,000 
to 37,000 gal. Fluorescein dye, stabilized with an 
alkali, has been added to the injection water which 
has permitted positive identification of seepage from 
the coal surfaces with the aid of an ultraviolet light 
source. For one of the tests a detergent (Turgitol) 
was added to the injection water. A recording 
methane indicator was installed to determine 
variations in the total methane production from 
the working sections, and bottle samples were col- 


lected periodically at the return regulators for 
laboratory analysis for final check. 

These tests have not progressed sufficiently to 
establish any definite conclusions, but some of the 
results and observations to date are Significant and 
lend encouragement to the project. Some of the 
more important points observed or indicated are: 

1) It is possible to inject water into the coal 
seam in fairly large quantities with very nominal 
injection pressures. 

2) It is possible to cause water flow through the 
coal seam for fairly long distances in relatively 
short periods of time. 

3) It appears that a continuous water front can be 
established and that the openings in the coal seam 
are filled sufficiently to move entrapped or mi- 
grating gas in the seam ahead of the water zone. 

4) The rate of gas removal from a limited area 
can be accelerated by water infusion with the added 
prospect of reducing liberation from the active 
working faces. 

5) It appears possible to reduce dust suspension 
very substantially by infusion of the working faces 
prior to mining if a detergent is added to the injec- 
tion water. 

6) With the conditions encountered, which include 
the regular occurrence of a binder near the top 
which is not penetrated by the water, there appears 
to be no damage to either the roof or pavement. 

Some of the specific observations and data which 
contribute to the prospects and opinions given above 
are: The first effect of infusion has been to reduce 
the face liberation in the immediate vicinity of the 
injection hole as the voids in the coal bed become 
water-filled. This influence increases radially as 
the injection continues with corresponding increase 
in the liberations at points farther removed, pre- 
sumably because of the gas drive effect of the water 
front developed. 

One specific instance of an infusion test ina 
seven-entry development section corresponding to 
Fig. 6 showed the following procedure and results. 
Infusion was started in the No. 7 entry, and within 
1 hr there was evidence of water seepage on the coal 
surfaces in the No. 6 crosscut and for a correspond- 
ing distance on the outside rib of No. 7 entry. At the 
beginning of the test the right and left returns mea- 
sured 46,689 and 60,147 cfm respectively. The orig- 
inal air analysis at the right regulator showed 0.24 
pct methane, and the analysis for the left regulator 
showed 0.42 pct which gave the section a daily gas 
production of 525,000 cu ft. As the infusion con- 
tinued, the evidence of water seepage extended 
across the section and along the outside rib lines of 
both the Nos. 1 and 7 workiag places. After approx- 
imately 25 hr of injection, the methane percentage 
in the right return had dropped to 0.18 pct and at the 
same time the percentage methane in the left re- 
turn increased to 0.56 pct. These changes indicated 
a net increase of 82,000 cu ft per day from the sec- 
tion. It was noted that face liberation when mining 
was resumed was reduced substantially below the 
normal for the section. 

The infusion water as traced by rib seepage 


showed in both the Nos. 1 and 7 working places as 
far as 1500 ft from the injection hole. These tests 
are in their early stages and will be continued. 


COAL PERMEABILITY TESTS 


Accompanying the field program, laboratory tests 
to evaluate the relative permeability of coal speci- 
mens from the Pittsburgh coal seam have been 
made. It is recognized that no laboratory sample 
is identical to the coal in place and the permeabil- 
ities measured are not the same as those of the coal 
bed. In general, it probably is safe to assume that 
the sample permeabilities as measured are sub- 
stantially’higher than the actual bed would show or, 
rather, as would be true for the same specimen in 
its original in-place position. This deviation, how- 
ever, may be more than offset by the fact that any 
solid specimen taken from the coal face will not in- 
clude any of the fissures or very open cleavage 
planes that may constitute principal channels for 
gas movement in the coal seam and add to the over- 
all bed permeability. The laboratory permeability 
tests will have their principal value in analyzing and 
correlating the results of field tests and in compar- 
ing or possibly predicting the drainage character- 
istics of the same coal seam in different areas or 
for other coal seams. 

The permeability tests have been made with a 
standard permeameter unit as used for oil and gas 
sand measurements, and the coal specimens have 
been taken from conventionally mined and ripper- 
type continuous miner faces and selected to repre- 
sent original and typical structure as nearly as 
possible. For each specimen tested, flow rates have 
been measured in three planes; parallel to the face 
cleavage and bedding planes, parallel to the butt 
cleavage and bedding planes, and perpendicular to 
the bedding planes. 

Tests have indicated that the flow rate is highest 
with the flow perpendicular to the bedding planes, 
but it is recognized that vertical gas movement in 
that plane is restricted largely to the coal bed be- 
cause of the relatively impervious clays and clay 
shales which normally constitute the top and bottom. 
In the horizontal plane, the flow rate is consistently 
higher parallel to the face cleavage. 

A number of specimens have been tested but the 
permeability values determined have varied over 
such a wide range that average values have been 
considered to be of little value and are not reported. 
As an example, values meaS8ured for flow parallel 
to the face cleavage and bedding planes have been as 
high as 15 Darcys and as low as 3.4 millidarcys. 
Sampling techniques, in particular, will need further 
development to arrive at reliable results, and further 
work is in progress. 


CONCLUSIONS 


As stated earlier, the degasification experiments 
discussed have been exploratory and are incom- 
plete, but the information gained to date is sufficient 
to develop some opinions and preliminary conclu- 
sions although the overall problem is far from solved. 
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It should be recognized that the total gas volumes 
involved in the mining of normal daily tonnages in a 
mine and in single unit sections of a mine in the 
area involved are large, and that the removal of 
proportionately small quantities in advance of 
mining, although the quantity considered by itself 
may look impressive, may not represent a measur- 
able contribution toward either the safety or the 
economy of the operation. For example, if a working 
section producing 500 tons per shift requires 100,000 
cu ft of air to keep the gas concentration in the re- 
turns to 0.1 or 0.2 pct, the section liberation is from 
144,000 to 288,000 cu ft per day. To effect a 50 pct 
reduction, which is about the least that could be 
safely incorporated into ventilation changes, from 
72,000 to 144,000 cu ft must be removed daily from 
the sources that contribute directly to the section 
liberation. To accomplish that result, it will be 
necessary to remove or divert gas from relatively 
large areas in very large amounts well in advance 
of the actual mining, and as yet the techniques have 
not been developed. 

Exposed surfaces in the Pittsburgh coal seam in 
the immediate area involved in these experiments 
will continue to liberate methane in considerable 
quantity at a fairly uniform rate for extended 
periods of time with the emission coming prin- 
cipally from points of concentrated liberation as 
blowers or feeders. 

Drainage surfaces established by either vertical 
or horizontal bore holes in the coal bed exhibit 
drainage characteristics similar or identical to 
those created by the extraction of coal by mining. 

Evidence indicates that the drainage channels in 
the coal bed are principally through open cleavage 
planes or other fissures and that the occurrence and 
extent of such drainage channels are related to 
geologic distortion after the coal bed was fully de- 
veloped. 

Gas can be removed in quantity from the coal bed 
by either vertical or horizontal drillholes with the 
quantity and rate of liberation related to the length 
of penetration into the coal seam and the local 
drainage characteristics of the seam. 
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Vertical bore holes appear to be limited in their 
application unless the drainage zone in the coal bed 
is extended by hydraulic fracturing or other means. 
From the viewpoint of economical degasification, 
vertical bore holes face the handicap of additional 
cost incident to penetrating unproductive overburden, 
the expense of secondary fracturing or other means 
of extending the drainage zone, and, more especially, 
the labor and power costs of dewatering the holes 
for the duration of their productive life. 

Horizontal drilling in advance of underground 
mining appears to offer the most promising pros- 
pect, but effective and extensive application will be 
dependent upon the ability to drill long holes, pos- 
sibly 1000 to 2000 ft, with reasonably precise di- 
rectional control and within practicable cost limits. 
With longer holes, it will be necessary that they be 
of sufficient diameter to move gas in quantity with 
the limited natural pressure available. 

Water infusion appears to offer some good pros- 
pects as an aid to degasification and in the control 
of gas liberation rates in producing sections and 
at working faces and should be investigated further. 

These results and conclusions are considered to 
be influenced completely by conditions character- 
istic of the Pittsburgh coal seam in the immediate 
locality of the experiments and may or may not-be 
applicable to other areas or coal seams. 
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SELECTING THE PROPER TYPE OF CONTINUOUS MINER 


Continuous mining machinery provides the coal industry with one way to 
compete for a larger share of the total energy market. Various types of 
machines are discussed and some of the problems with continuous miners, 
encountered by operators, are reviewed. Equipment manufacturers are 
working with mine personnel to provide solutions for problems that arise. 


Wr: coal production over the past 25 or 30 years 
has been on a horizontal plane, coal’s share of 
the total energy market has declined. To participate 
more effectively in this total energy market, it is 
necessary to produce coal more efficiently. It is 
the obligation of all management, employes, and 
mining departments to gear the deep mining in- 
dustry to the rapid progress and changing of today’s 
modern industry. This can be accomplished in the 
near future with the selection of the proper type of 
continuous miner best suited to each operator’s in- 
dividual situation. 

In most mining operations there is tremendous 
incentive to undertake the continuous mining pro- 
gram. It can reduce the size of the mine greatly by 
permitting a minimum of working places; it makes 
pillar recovery work more efficient from the stand- 
point of overall cost, amount of coal recovered, and 
safety. The work force can be reduced materially 
permitting closer and more efficient supervision. It 
simplifies maintenance because equipment can be 
more readily standardized. 

The trend of the coal market favors the use of 
continuous mining machines. Although there appears 
to be a general feeling that continuous mining is still 
a relatively new program and will be slow in re- 
placing conventional mechanical equipment, the fact 
is that tremendous strides have been made since the 
first machines were installed in 1948. 

This program is advancing at approximately the 
same rate that mobile loading machines replaced 
hand loading. From 1948 to 1955 there were approx- 
imately 450 continuous mining machines in service. 
In October 1959, a survey revealed that there were 
more than 700 continuous mining machines in 
service. 

Many operators have expressed a desire to under- 
take this program, but they feel that they could not 
do so at this time because of one or more of the fol- 
lowing reasons: 1) the thickness of their coalseams, 
2) seam characteristics, 3) soft bottoms, 4) bad roof 
conditions, 5) size consist, 6) insufficient flexibility 
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in machines, 7) difficult ventilation problems, and 
8) high maintenance costs. 

With the realization on coal about the same to- 
day as it was in 1948, or slightly less and since coal 
is still failing to participate to a greater degree in 
the total energy market, it is not surprising that the 
coal industry is desperately exploring more econom- 
ical methods for deep mining. The manufacturers 
are aware that the coal industry is willing to invest 
in continuous miners if the equipment is built for 
maximum flexibility, will produce higher tons per 
man, and assure long life between overhaul pro- 
grams. 


CONTINUOUS MINING MACHINES 


Before discussing details regarding the selection 
of a continuous miner, let us have a preview of 
some of the continuous mining machines which are 
available to the coal industry today. 

Jeffrey Manufacturing Co.: The machine shown is 
the Jeffrey 76 A.M. Colmol. This is their most 
widely used miner, and has been particularly suc- 
cessful in central Pennsylvania and in high- wall 
mining in western Kentucky. One of the outstanding 
features of this auger-type miner is its portability. 
The entire mining range can be changed from its 
lowest point to the maximum height without stopping 
the mining operation. 

Jeffrey 76 B.M. Colmol: This machine is similar to 
the 76 A.M. model; however, it is built bigger and 
stronger for a mining range of 50 1/2 towi2einatnis 
is the model that is now available (Fig. 2). 

Jeffrey has added two arms to the top row, omit- 
ted the odd arm in the bottom row, thus permitting 
a 50 pct larger throat opening. This eliminates one 


Fig. 1—Jeffrey Manufacturing Co. 76 A.M. Colmol. 
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ufacturing Co. 76 B.M. Colmol, 


Fig. 2—Jeffrey Man 


of the main drawbacks to the original 76 B.M. 
models. 

86 A Colmol: This machine (Fig. 3) is designed ex- 
clusively for low coal. It will work in seams as low 
as 28 in. mining a width of 14 1/2 ft. The maximum 
mining height is 44 in., this being accomplished by 
addition of 18-in. radius breaker arms. 

The gathering chain complete with cutter bits cuts 
the remaining coal and provides a smooth bottom for 
the machine. These chains running in opposite di- 
rections also gathers the coal and discharges it on 
to the main conveyor. The mining principle is sim- 
ilar to the 76 A Colmol. 

Jeffrey now has their prototype 88 A Colmol in 
the field being tested. Their experience to date is 
very encouraging according to all reports. This is 
the first full face auger head-type machine to in- 
corporate the sump action used on the ripper head- 
type machines. Additional information may be ob- 
tained from the Jeffrey Manufacturing Co. 

Goodman Manufacturing Co.: The Goodman 425 (Fig. 
4) has a cutting range from 51/2 to 71/2 ft. The 
cutting arms and the top cutter bar can be expanded 
or retracted on one or both sides while tramming 
and while mining. This can be used to considerable 
advantage while turning cross-cuts and in pillar re- 
covery work. 

The overall construction has provided for difficult 
mining conditions and many features make inspec- 
tion, upkeep, and maintenance much easier than 
many earlier models. This machine operates with 
one 250 hp motor. 

The other 400 series are primarily fixed height 
machines, but can be extended 6 in. if so desired by 
adding 3-in. sections to the cutting arms. There are 
numerous arm designs and cutter chain arrange- 
ments made to operators’ specifications for over- 
coming physical conditions peculiar to their indi- 
vidual mines (Fig. 5). 


With the rapid improvements that are taking place, 


the best way to learn details of any manufacturer’s 


Fig. 3—Jeffrey Manufacturing Co. 86 A Colmol., 


models is by contacting the local representatives. 

The Goodman 300 borer is a flexible height ma- 
chine that will mine coal from 48 to 66 in. The 
tramming height is 40 in. The mining width of this 
machine is 13 ft 10 in. at 48 in. height and is 14 ft 
10 in. at 66 in. height (Fig. 6). 

This is a four arm machine built for mining 
seams 4 to 5 1/2 ft high. Although this is the newest 
of the Goodman series, the Goodman Manufacturing 
Co. reports that the performance of this machine 
is proving very satisfactory. The arm speed is 26 
rpm and the maximum tram speed is 26 fpm. 

Lee Norse Miners: The first Lee Norse miner was 
put into operation in January 1952, and by the end of 
1955 they had ten continuous miners in service. To- 
day there are more than 200 Lee Norse miners in 
operation. Their outstanding achievement is the fact 
that all of these machines, with the exception of the 
rubber-tired prototype machines, are still in serv- 
ice with the original purchasers. 

The Lee Norse miner is basically a loading ma- 
chine with the rotary-oscillating cutter heads. The 
double arms pick up the coal and dump it on to the 
conveyor. The oscillating heads, being synchronized 
are 32 to 36 in. diam and cut 8 ft 6 in. wide. These 
cutter heads now are provided with the Cincinnati 
Rap Loc bit holders, having a total of 80 per ma- 
chine. This model CM 37 cuts 8 ft 6 in. wide and 
7 ft 3 in. high (Fig. 7). 

The CM 47 is very similar except that it will cut 
9 ft high. These models have been further improved 
to cut 8 ft 6 in. and 10 ft in height. The total weight 
has been increased from 18 to 27 tons (Fig. 8). 

As usual, these models are identified by a change 
in letters and numerals to make definite identifica- 
tion possible. 

Joy Manufacturing Co.: In its very wide selection 
of continuous miners this company has basically 


Fig. 4—Goodman Manufacturing Co. 425 series. 
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Fig. 5—Goodman Manufacturing Co. 400 series. 


Fig. 6—Goodman Manufacturing Co. 300 borer. 


three specific categories. First, the numerous 
types of ripper bar machines; second, the twin 
bore; and third, the Rotobuster. 

From the pioneer days of 1948 to the present 
time Joy Manufacturing Co. has made tremendous 
strides with their continuous miner program. 

The Joy 6-CM miner is designed for seams 5 1/2 
to 10 ft high, has a 24-in. sump, a 3 1/2-ft wide 
ripper head, and will mine rooms from 12 to 22 ft 
wide. Its maximum tram speed is from 75 to 85 
fpm. This particular machine weighs approximately 
37 tons. All other ripper bar machines are similar 
except for changes needed due to variations in 
physical mining condition (Fig. 9). 

The twin bore is Joy’s full face machine. This 
machine has a total of 260 hp and will mine up to 8 
ft high and 12 ft 8 in. wide. It has a tram speed of 
28 1/2 fpm and a boring feed of 4 1/2 fpm. It weighs 
approximately 40 tons. These units, too, have many 
unique construction and operational features that 
lend to improved efficiency where full face mining 
can be used (Fig. 10). 

This is Joy’s newest machine for mining seams 
from 32 to 48 in. thick. Although the cutter head 
resembles a 26-in. auger it is a unique cutting 
device with two separate units rotating in opposite 
directions about a common axis (Fig. 11). 

Operation— The Rotobuster sumps into the face on 
crawlers to the desired distance—usually about 30 
in. The sump is made along the rib with the end- 
cutter boring into the coal. Then, powered by strong 
hydraulic jacks, the mining head sweeps across the 
face. The fast-turning end-cutter drills a path deep 
in the face, while the slower rotating drum-cutter 
breaks the coal and moves it out with its augerlike 
flights. When the head reaches the opposite rib, the 
mining head shears up to the roof line, then begins 
another sweep back across the face. Hydraulic 
cylinders automatically keep the head parallel to 
the floor during the shear, but the operator may tilt 
the head for cutting over rolls. Only one sump is 
made. Rooms 14 to 20 ft wide may be mined in 32 
to 48-in. seams. 

During the swinging operation the entire head 
swings with the Rotobuster permitting the gathering 
head to pick up the coal on each cycle. 

National Mine Service Co.: This company also has a 
boring type, full face machine which is similar in 
many ways to the Goodman and Joy full face ma- 
chines. They are building the Marrietta miner with 
new additions to add ruggedness and flexibility along 


Fig. 7—Lee Norse miner, CM-37. 


with increased power. The prototype cut the Indi- 
ana No. 5 seam very successfully. 

There are other manufacturers of continuous min- 
ing machines; however, this will give some idea of 
the wide selection that is available and quickly 
points out the trend to increased horse power and 
improved overall engineering design for long oper- 
ating life. 


DISCUSSION 


Now that we have seen some of the equipment that 
is available, let us review a few of the reasons why 
many operators have not considered changing to the 
continuous miner program. One of the major rea- 
sons has been seam characteristics. This can be 
the result of coal hardness, very hard impurities in 
the seam, boulders in either top or bottom, lack of 
face or butt cleat or grades. All of these have been 
experienced and we must agree that these problems 
have forced all equipment manufacturers to com- 
pletely redesign their machines to cope with these 
difficult conditions. 


Fig. 8—Lee Norse miner, CM-47. 
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With these changes in equipment design to more 
rugged construction and additional horsepower the 
problems switched from the frame and gear case to 
the cutting tools, tool holders, and other parts of the 
cutting arms. However, with the cooperation of the 
equipment manufacturers, tool holder manufac- 
turers, and bit manufacturers, little time was lost 
in solving this problem. This was accomplished at 
our mine by the use of heavier arms, larger cutting 
tools, and larger tool holders. 

Today we are able to produce higher tonnages and 
obtain more operating time by reducing bit damage 
and change time under very adverse seam condi- 
tions. Bit cost was reduced from an average of 27¢ 
for the first three months to an average of 71/2¢ 
for the past five months. Contrary to past experi- 
ence with less horsepower, the larger cutting bits 
did not reduce the rate of penetration (Fig. 12). 

These bit holders have been far superior to any 
that we have used to date. The51/2° forward lean 
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Fig. 9—Joy Manufactur- 
ing Co. 6-CM contin- 
uous miner. 


of the cutting bit and the use of the roll pin have 
entirely eliminated the losing of tapered bits. With 
increased power and weight of machines, more 
operators are finding this to be the solution to their 
bit and bit holder problem (Figs. 13 and 14). 

Seam thickness has also been a major reason for 
staying away from the continuous mining program. 
Today this is no longer true. Low machines are 
available in auger, ripper bar, and bore-type ma- 
chines. In numerous areas, reports indicate that 
they are able to work successfully in seams as low 
as 28 in. This area of thin seam thickness and up 
to 4 ft in thickness is a lucrative field since con- 
ventional mobile mining is both difficult and costly. 

About 35 pct of the underground production (100 
million tons) was produced in —4 ft thick coals. 

135 million tons were produced in the 4 to 6 ft 
seams, and approximately 23 million tons were 
produced in seams over 8 ft high. 

The manufacturers now have made numerous 


Fig. 10—Joy Manufactur- 
ing Co. 2BT-2 twin- 
borer continuous miner. 
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changes in machines to best suit conditions where 
the equipment is to operate. This was not true when 
the continuous mining program started a few years 
ago. In most instances more rugged construction 
with increased horsepower has been the answer to 
successful operation. 

If-there could be one phase of the continuous min- 
ing program where the greatest improvement has 
been made, it would be in the maintenance depart- 
ment. Manufacturers are aware that initial cost, 
although being important, is very secondary to long 
life between overhaul programs, maximum operating 
time, ease of operations, and an absolute minimum 
of down-time due to mechanical breakdowns. 

Today, there are machines in operation which have 
produced in excess of one million tons without a 
major overhaul. To create maximum interest in the 
continuous mining program this must be the rule 
rather than the exception. If you are seeking main- 
tenance figures to help you decide whether or not to 
go to the continuous mining program, it is important 
to survey machines that have gone into service in 
the past two or three years and not eight to ten 
years ago; because all equipment manufacturers 
have corrected most chronic weaknesses that were 
so prevalent in earlier models. 

Another problem that has delayed the installation 
of continuous miners in many mines has been the 
problem of size consist. In numerous cases the 
trend of the general coal market lends itself to con- 
tinuous mined coal. However, in many areas the fine 
sized coal cannot be handled successfully. 

In solid work most continuous miners produce 
from 2 to 5 pct more —28 mesh material than con- 
ventional mining. On pillar recovery work our ex- 


Fig. 12—Kennametal Corp. bit. 


Fig. 11—Joy Manufac- 
turing Co. Rotobuster 
miner. 


perience with both the 76 B Colmol and the Good- 
man 425 has proven the amount of —28 mesh ma- 
terial is the same or 1 to 2 pct less than in conven- 
tional mining. This size in most instances presents 
the major problem in coal recovery and water 
clarification. 

At our Enoco mine the Goodman 425 miner makes 
5 pet more 3/8 x 3/16 size coal and 2 pct more -28 
mesh coal when mining in rooms or entries. 

Here one must survey closely the preparation 
plant and make definite plans for handling the -1/4 
in. size coal. The other sizes normally can be 
handled as in conventional mining. 

Roof Control: To date the problem of roof control 
while mining coal in the same working face has 
been one of the major drawbacks to the continuous 
mining program. While some progress has been 
made there has been no real satisfactory solution. 
In some instances the use of continuous miners 
resulted in improved roof conditions, permitting 


Fig. 13—E & E bit holder. 
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Fig. 14—Kennametal Corp. bit and E & E bit holder. 


mining to reasonable depths before moving to an- 
other working place while the top was being bolted 
or timbered. The problem of moving from one place 
to another solely for the purpose of supporting the 
roof can result in enough lost time to discourage 
the use of the continuous mining machines. 

This program needs the cooperation of all groups 
connected with the deep mining program. In our 
state, the Indiana Dept. of Mines has been most 
cooperative and has assisted and encouraged the 
use of continuous mining machines. 


SUMMARY 


In 1958 more than 56 million tons of coal were 
produced by continuous mining machines. This was 
approximately 20 pct of the total produced by deep 
mining. Pennsylvania was in the lead with 46 pct of 
its total underground tonnage produced by contin- 
uous miners; Illinois had 25 pct; and West Virginia 
had 18 pct of its underground coal tonnage produced 
by continuous miners. This total tonnage was pro- 
duced at 213 mines, with 45 of these mines using 
continuous miners exclusively. No doubt these 
mines have experienced all of the problems men- 
tioned in this paper, in addition to many others. 

Any person working with continuous mining ma- 
chines soon discovers that in addition to selecting 
the proper machine it is equally important to select 
proper men for the units as well as selecting proper 
supervisory personnel. It is a fact, that to make 
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continuous mining successful in any mine requires 
more accurate management, more interested ma- 
chine operators, good maintenance crews, and a 
close study of all phases of the operation of these 
machines. Poor judgement or lack of aggressiveness 
on the part of the continuous miner operator can 
easily result in a 25 to 35 pct reduction in the output 
of a continuous mining machine. Proper mainten- 
ance can make a machine last for several years, 
while poor maintenance can completely destroy a 
machine in a few months. 

Changing from conventional mining to continuous 
mining, in addition to requiring a large financial 
outlay, requires courage and a deep desire on the 
part of the mine management to be progressive. We 
must be aware that mining methods and equipment 
become obsolete at a much greater rate today than 
in previous years. Too, mine management must 
have patience and must be willing to devote long 
hours each day for several months before the 
benefits begin to show on the financial statement 
and in the safety department. In this connection our 
experience has taught us that a gradual change- 
over greatly simplifies management’s job when a 
change is being made. 

We have also found that time and motion studies 
with every detail that the time study personnel can 
compile are most effective for pin pointing weak- 
nesses, even if it requires two or three days to 
compile after the study is made. A detailed report 
of each time study is much more effective than one 
haphazardly computed for quick observation and 
study. The haphazard study will miss the most im- 
portant details which are so necessary for an ef- 
ficient continuous mining program. We are finding 
that the continuous mining program closely parallels 
the time and motion study of today’s factory as- 
sembly lines. 

To reduce lost time due to mechanical problems 
one can readily see that overall construction has 
reduced this problem to a point where machines 
which are installed today perform efficiently with a 
minimum of down time. In February 1959, we pur- 
chased one Goodman 425, and by August 1st we had 
three of these machines in service. When the final 
draft of this paper was sent in (Nov. 16, 1959), these 
machines averaged 412 tons of washed coal per shift 
with a 20 pct washer loss. The results to date have 
been very gratifying. 

To further reduce lost time due to mechanical 
problems, the manufacturers feature the out-board 
construction, making maintenance units easily ac- 
cessible. Package units which can be replaced in a 
short period of time are also available on all man- 
ufacturers’ equipment. This is particularly helpful 
to speed up major overhaul programs. 

Today’s continuous mining machines sump faster, 
produce higher tons per minute, have wider and 
higher mining range, and work solid places and 
pillars equally well. The fact that 46 pct of the coal 
mined in Pennsylvania underground mines was pro- 
duced by continuous mining machines, in my opinion 
answers most of the reasons why continuous mining 
programs can be successful. 


PS 


The men responsible for keeping the coal industry 
progressive cannot expect encouragement from ei- 
ther the employes or the general supervisors; in- 
stead, one will hear many reasons why the program 
will fail if you try it. I mention this because we 
found this to be one of our major obstacles. If you 
are interested in the continuous mining program, 
you can observe these machines in service in many 
mines; and the operators will gladly exchange ideas 
and operational information. 

I feel certain that there is a machine available to- 
day to suit most mining conditions, and I’m sure in 
the near future there will be one for all mines capa- 


ble of using mechanical equipment. This program 
can provide the equipment and the mining methods 


to greatly improve the overall safety record in deep 
mining. 
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FACE VENTILATION IN DEVELOPMENT WITH 


CONTINUOUS MINERS 


The mining and ventilating system used in development work in the Pittsburgh 
Seam in northern West Virginia is discussed. The seam conditions and the 
nature of the accompanying methane gas are described. The type of equip- 
ment and the mining cycle will be discussed, showing how they are well 

suited for very gaseous development work. 


Fee ventilation in development work is possibly 
the fastest growing problem of the industry. The 
coal mines of the future will be faced with the pros- 
pect of mining from under increasing depths of 
cover. Consequently, larger and larger amounts of 
methane gas probably will be found. The Pittsburgh 
Seam, in northern West Virginia, is an example of 
an area already faced with this problem. At the 
present time, most of the development work being 
done in this seam lies beneath 500 to 1200 ft of 
cover. The Pittsburgh Seam in this area has always 
been very gassy—even near the outcrop—and the re- 
cent development work has been accompanied with 
extremely large volumes of gas. In many cases, a 
single development section has liberated in excess 
of 1,000,000 cfm in 24 hr. 

This problem of heavy gas liberation was the chief 
concern, several years ago, when continuous mining 
equipment was first considered at Christopher Coal 
Co. All of us were apprehensive about the liberation 
that would accompany rapid extraction in a single 
working place. However, the experience during the 
past few years has shown that this ability to mine 
only one place at a time, is actually the key to work- 
ing this type of coal. With all of the mining or 
advancement concentrated in one place, the ventila- 
tion can also be concentrated. By this it is meant 
that continuous mining permits the active working 
place to be ventilated with a maximum amount of 
fresh air, taken directly from the intake source 
without first passing another working place. Con- 
tinuous mining (and a good ventilating system) also 
permits a much greater concentration of attention 
or vigilance to the actual working place. 

There are two things that are very important to 
the mining of coal having high rates of liberation. 
First, adequate volumes of air are necessary. 
Second, and perhaps more important, a mining and 
ventilating system must be used that will provide an 
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uninterrupted flow of air to every portion of the 
working section. Liberations of this magnitude take 
only a few seconds of interruption for a dangerous 
accumulation of gas to occur. With adequate volumes 
of air available, the ability to concentrate ventilation 
more than offsets the concentration of gas emission 
that is inherent with continuous mining. 

The mining system used with continuous mining 
equipment at Humphrey Mine is similar to the sys- 
tem used at many mines in the area for development 
work. This system is designed to favor ventilation, 
realizing that other efficiencies are meaningless if 
the equipment must stop because of ventilation diffi- 
culties. This plan is especially well suited to mini- 
mizing ventilation interruptions. 

Basically, the overall plan of mining is to develop 
headings into virgin coal and encircle or block out 
large areas. These blocks are generally at least 
2000 ft sq. The purpose of this blocking out is to 
bleed gas from the area before pillaring. Experience 
has shown this method to be quite effective, even in 
the most gassy areas. 

The gas in this field seems to migrate or flow 
readily from the solid coal into the outside return 
headings of the development work. The numerous 
clay veins and slips that are found in the area are 
extremely good avenues for gas flow. A block of 
coal, surrounded with development headings, usually 
bleeds off readily; and since it is cut off from the 
virgin coal, it is not subject to gas migration, 
through the seam, from this source. 

However, the outside return of the encircling de- 
velopment work, adjacent to the virgin coal, may 
liberate gas for years. This liberation from the 
outside ribs in the virgin coal is the reason split 
ventilation is used in development work. If split 
ventilation were not used, there would, in many 
cases, be a serious build-up of gas in the intake be- 
fore it could reach the working face. 

Fig. 1 shows a typical development section having 
seven headings. The two outside places on each side 
are returns, and the three center headings serve as 
intakes. This section is equipped with a ripper- type 
continuous mining machine. An off-track loading 
machine is used to load from a surge pile on the 
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mine floor, into a shuttle car. This shuttle car 
hauls the coal to the tail piece of a 36-in. rope belt 
in the center heading. This conveyor is equipped 
with fire-resistant belting so that it need not be 
isolated from the face ventilating air. A supply 
track is provided in the No. 5 heading, adjacent to 
the belt. Power cables are carried in the supply 
track heading, and all the equipment nips are lo- 
cated here. The belt, the supply track, and power 
cables (250 V dc) are extended in one-block incre- 
ments as the section advances. This serves to keep 
shuttle car hauls and power cable lengths to a mini- 
mum. With this short shuttle car haul, one roadway 
has proved adequate for the transportation of the 
output of the continuous mining machine. With only 
one roadway needed for haulage, it is possible to 
keep permanent block stoppings to within one cross- 
cut of the face. Masons are employed on all three 
shifts so that stoppings can be built as soon as a 
new cross-cut is driven. This keeps a maximum 
amount of air in the face cross-cut at all times. 

The mining cycle starts with the section as shown, 
with the continuous miner in No. 1 heading. The 
section’s ventilating air flows up the center, or belt 
heading, and splits right and left. All of the air in 
the left split must travel through the cross cut from 
Nos. 3 to 2 by virtue of the permanent stopping row. 
Since No. 2 heading is not used for haulage, a plastic 
temporary stopping is erected to direct the air to 
No. 1. Thus, all of the air in the split (less the 
small amount of leakage through one temporary 
stopping in No. 2) must pass the mouth of No. 1 
working place before entering the return. Line brat- 
tice is used to ventilate the working face. In most 
cases this line brattice is installed on the return 
side of the place, so that the air flows toward the 
face on the wide side and returns behind the canvas. 
In order to do this, the brattice must be propped or 
supported to prevent the ventilating pressure from 
blowing it against the rib and cutting off the air flow. 


To accomplish this, roof bolts are commonly used. 
The mining height is normally somewhat lower than 
the 7-ft bolts that are used. These bolts are bent or 
bowed so that they anchor between floor and roof to 
form lateral support for the canvas. With the type 
of continuous miner used, it is possible to maintain 
the brattice to within a few feet of the face without 
seriously hampering its operation. 

There are several reasons for employing the brat- 
tice on the return side. Principally, it is done so 
that the shuttle car does not have to haul through it. 
More air can be coursed to the face with a solid, 
well fastened check than with a split check that a 
shuttle car passes through. It also permits break- 
ing off a new place without the equipment working 
under or through a check until they have driven in 
far enough to clear the check. The ability to move 
the shuttle car and equipment in and out of the work- 
ing place without passing through a canvas helps 
immeasurably in providing uninterrupted face ven- 
tilation. This system also has the advantage of 
greatly improved face visibility, since the dust is 
not blowing back into the operator’s eyes. From a 
ventilating stand point, it seems better to have the 
fresh air pass over the equipment before rather than 
after sweeping the face. If a sudden outburst of gas 
occurred at the face, it is preferable to have it leave 
the place behind the canvas than pass back over the 
equipment. 

It is true that there is much less velocity to the 
air ahead of the canvas with return side brattice. 
The importance of velocity is that the higher ve- 
locity air travels or sweeps further beyond the end 
of the line canvas. However, this objection has been 
largely offset by maintaining the canvas close to the 
face and by having large volumes of air. 

It should be noted that, since the outside place is 
driven first, there are no previously driven rooms 
between the intake and the working face. This means 
that the shuttle car can travel all the way between 
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the face and its dumping point without interference 
from checks or line canvas. This feature is not only 
an advantage to ventilation, but it facilitates faster 
shuttle car haulage and eliminates delays necessi- 
tated by tvapping or stopping to repair torn check 
curtains. 

When No. 1 is driven up, the machinery is moved 
out and placed in position to mine No. 2 heading, as 
shown in Fig. 2. A new line canvas is erected across 
the intersection and mining is started. While the 
miner is cutting the first few feet of No. 2 heading, 
the bolting machine operators move the line brattice 
in the completed room from its position on the re- 
turn side to the center of the room. This is done to 
reduce air resistance and to recover the roof bolt 
props. While mining No. 2, as is the case in each 
working place in the cycle, all of the air in the 
split is held to the mouth of the working place by 
stoppings, either permanent or temporary. This 
means that essentially all the air in the split must at 
least start up into the current working face, or 
possibly the air that does not reach the face leaks 
through the line brattice in the working place rather 
than through back-up checks in adjacent headings. 
Thus, essentially all the air in the split is applied to 
the ventilation of the active working place even 
though it does not all reach the face. The amount of 
air that does reach the working face depends upon: 
1) the tightness of the seal, 2) condition and porosity 
of the canvas, and 3) the area behind the canvas. 

It has been found that the leakage through the 
pores inthe canvas can be greatly reduced by apply- 
ing a Sheet of very thin plastic material to the pres- 
sure Side of a normal line brattice. The difference 
in pressure across the brattice does an excellent job 
of holding the light plastic in place without the use 
of spads or nails. This material is inexpensive in 
the very thin form and it can be reused, since the 
tearing is greatly reduced when nails are not used 
in installation. 

With the leakage through the brattice reduced, it is 
apparent that the area behind the canvas is very im- 
portant. This becomes a limiting factor in how much 
air can be taken to the face. The particular type of 
equipment being used permits the use of larger 
areas behind the canvas than is possible with other 
types of continuous miners. It also permits opera- 
tion with canvas much closer to the face. This fea- 
ture is equally important. 

The mining cycle continues to work from the out- 
side toward the center of the section after No. 2 is 
completed. Nos. 3 and 4 headings are driven in turn, 
leaving No. 5 or the power cable heading as the last 
to be advanced. The cross-cuts are driven from this 
heading so that cables will not be wound around the 
block when the power line is advanced. The mining 
of No. 5 and the cross-cut toward No. 6 is the 
longest move of the cycle; however, it occurs at the 
ideal point on the section. It is in the center portion 
of the section away from the solid ribs, and at a 
location where all the air is held on permanent 
Stoppings to the mouth of the place. The cross-cut 
is next completed to No. 7 heading. Nos. 7 and 6 are 
driven in turn, working back as always from the out- 
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Fig. 2—Continuous mining cycle, illustrating 
progression through the seven headings. 


side toward the center of the section. The machine 
is then pulled back to No. 5, and the cross-cuts 

are driven to the left, all the way to No. 1. This 
completes the cycle. After the cross-cut from Nos. 
4 to 3 has been driven, the belt and the machine nips 
can be advanced one block. These moves are made 
at the end of the operating shift before the next shift 
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Fig. 3—Diagram of seven headings showing posi- 
tion of ventilation or ‘‘bleeder’’ holes. These 
ave designed to bleed gas pockets prior to ac- 
tual mining operations. 
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arrives. “he supply track and power cables are ex- 
tended during the shift, but only by day shift per- 
sonnel. 

As was mentioned previously, the gas in this area 
comes primarily from the coal ribs and faces adja- 
cent to solid coal. Consequently, the first place that 
is driven ahead in the cycle is the most difficult. In 
this case it is an outside heading. However, once 
these outside places are driven, the center portion of 
the section is somewhat shielded from the virgin 
coal, and the remaining places usually liberate no- 
ticeably less gas. For the past year work has been 
done on an idea which has been a material help in 
working this type of section. Soon after the outside 
place is driven up, a long hole is drilled in the face 
as shown in Fig. 3. These holes are only 2 in. in 
diam and are drilled with a hand-held electric drill. 
Hollow drillrods, without scrolls, are used. Water 
is pumped through the center of the rod to flush the 
cuttings back out of the hole. A water swivel is 
mounted on the drill chuck and 10-ft lengths of rod 
are added ahead of the swivel. Good drilling speeds 
have been achieved in the coal seam with this equip- 
ment. The depth of the hole is limited only by how 
far it is possible to drill before the bit drifts into 
bottom or top rock. Most of these holes have been 
greater than 80 ft in length with some as deep as 
200 ft. 

As in the mining of coal, there are great varia- 


tions in the amount of gas released by this means. 
However, many have liberated very large volumes 
of gas and pressures as high as 35 psi have been re- 
corded. The most productive amounts of gas have 
occurred when holes intersected clay veins or slips. 
In most cases the rate of liberation, from the hole, 
diminishes to about one third its original value in 
two or three days. This is about the time necessary 
to drive the other working places in the cycle and be 
back to the outside heading again. It has been found 
necessary to angle these holes slightly to the out- 
Side of the projected heading so that the place can be 
advanced without mining through the hole. It would 
be very difficult to keep the working place clear with 
one of these liberating holes in the coal face. The 
real benefit derived from these holes is the bleeding 
of gas pockets ahead of the actual mining operation. 

It is true that the gas released from these holes 
enters the return air and thus does not reduce the 
amount of gas liberation. However, it does provide a 
more uniform release of gas over a longer period of 
time than would occur without these bleeder holes. 

This is especially valuable in this area where clay 
veins often act as gas barriers or dams and will 
actually hold gas under considerable pressure. 

I do not wish to imply that this system is the 
solution to all face ventilation problems. However, 
to date, it is the most practical means we have 
found for working this type of coal. 
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DAILY MAINTENANCE AND COMPLETE OVERHAUL OF 


CONTINUOUS MINERS 


In order that the use of continuous mining machines be most economic, the 
equipment must be operated at rated capacity as much of the time as 
possible and downtime for repairs kept at a minimum, A large factor in- 
fluencing any proposals for maintenance programs is the complexity of the 
machines—often the intricacies of the precision-built equipment requires 
engineering knowledge byond the scope of mine maintenance personnel, A 
training program is part of the answer; there are others. In addition to 
investigating a joint company-manufacturer equipment-design improve - 
ment program, Mountaineer Coal Co. has launched a detailed preventive 
maintenance progvam to combat extensive downtime often encountered 


when continuous miners are used. 


veryone in the coal industry knows the importance 
FE: operating continuous miners at their rated 
capacity as much of the time as possible. The po- 
tential capacity of the miner is such that 1-min. 
delay means from 3 to 8 tons of coal lost. Today’s 
miner is a well designed, precision-built machine, 
complicated with hydraulic and electrical equip- 
ment and complex mechanical assemblies with all 
possible combinations of gears, levers, and rods. 
As the machine becomes more complex, the prob- 
lem of maintenance becomes more acute. The 
transition from conventional to continuous mining 
has taken place so rapidly that the mine mechanic 
has been unable to keep pace. When there is a 
machine failure, the maintenance man usually 
employs either the trial-and-error or the piay-it- 
by-ear method of repair, but this represents an 
expensive proposition. 

Mine mechanics, maintenance superintendents, 
and mine managers complain about the complexity 
of the machines and how difficult it is to keep them 
running. There is no shortage of skill in the design 
offices. Machines are designed by good engineers, 
but for engineers. What’s the answer? Better 
trained maintenance men—better maintenance in- 
struction—better field service. These are all good 
corrective measures, but the real cure is to provide 
for the men at the do it level. Designers have got 
to cooperate with men to simplify maintenance on 
the increasingly complex machine. The designer 


must be aware of how his machine can be maintained. 


Sometimes a simple design change in a bearing, oil 
seal, or a bushing will correct recurrent break- 
downs. Parts such as filters, hydraulic cylinders, 
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hoses, and pivot pins can be better arranged on the 
machine to make them accessible so that the mine 
mechanic can easily keep the machine producing. 
Therefore, to get our maintenance off on the right 
foot, the program must begin back in the design 
office, before the machine is delivered to the mine 
property. 

Realizing the importance of this aspect, our com- 
pany set out on a joint company- manufacturer 
equipment-design improvement program. This is 
a formal program in which quarterly reports are 
written covering machine defects, design weakness, 
and general problems relating to machine mainte- 
nance and performance. The manufacturer in turn 
comments on each and every item appearing in these 
reports, indicating the action he proposes to take. In 
addition to the written reply, meetings are scheduled 
with manufacturer representatives to discuss 
further the outlined problems. The benefits realized 
from this organized program are both substantial 
and far reaching. Good maintenance begins with a 
good design. 

The subject of preventive maintenance is not a 
new one. Volumes have already been written on the 
subject. It consists primarily of doing the mainte- 
nance work when you want to rather than when the 
machine demands it. However, a preventive mainte- 
nance program can be overdone. Theoretically, if 
carried to ridiculous extreme, all working time 
could be spent inspecting and repairing the machines 
and no time would be left for production output. Our 
goal in maintenance is to maximize running time 
for all machines, and to prevent or at least mini- 
mize production downtime. 


INSPECTION AND REPORTING 


The center of any preventive maintenance schedule 
is regular and systematic inspection, but it must be 


a well organized program combined with a plan for 
reporting. Reports may be rather simple in nature, 
merely recording information on a daily time sheet. 
The information from these reports is recorded to 
analyze the maintenance program and to develop a 
work schedule. No one can prescribe a set of 
records that will work equally well in all mines. 
Each system must be tailored to the needs of a 
particular mine. 

Inspection is a daily function integrated as a day- 
to-day part of the operation. The person directly 
responsible for the daily inspection is the section 
mechanic. He combines a portion of his inspection— 
principally the visual checks of nuts, bolts, and 
weldments—with lubrication. During the mining 
operation he continues his check for high tempera- 
ture of gear cases and bearings. 

The program outlined in this article is tailored 
with adequate service facilities for the maintenance 
man to do his job better, faster, and easier. Ade- 
quate service facilities are those required to promote 
the basic maintenance functions of checking, servic- 
ing, adjusting, repairing, replacing, and trouble- 
shooting. Visual indicators, test facilities, and 
other devices are installed as an integral part of 
the machine to provide for fast and efficient applica- 
tion of lubricants, to provide instrument panel type 
of daily inspections with no interruption in pro- 
duction, and to replace the expensive trial and error 
method of hydraulic and electrical trouble-shooting. 
Unit changeout system of repair and overhaul has 
proved to be the best means to effect better, faster 
and easier maintenance. 

Although appearing complex, the continuous 
miner, or any mining machine, is simply a com- 
bination of mechanical, hydraulic, and electrical 
components. In organizing and executing the mainte- 


Fig, 1—Power grease 
pump unit complete 

with tank, Also shown ts 
the vemote fill and check 
station for inaccesible 
transmissions. Mounted 
on the right side of the 
tank is the Rosaen 
filter with indicator. 


nance program, each of these three components is 
treated as a system. Once the program has been 
broken down into this simple form, definite policies 
and procedures are established to ensure effective 
maintenance. 


MECHANICAL SYSTEM 


Maintenance of the mechanical system includes 
the inspection and care of clutches, gear sets, 
bearings, and structural members. Worn and over- 
heating bearings, leaking oil seals, worn gears, and 
bushings are replaced before failure. Nuts and bolts 
are kept tight. Chains and bit block get proper 
attention and, above all, the machine is properly 
lubricated. 

Lubrication: Proper attention to lubrication cannot 
be overemphasized. Lubrication is by far the biggest 
single factor in the maintenance of the miner—in 
reducing delay and lowering maintenance cost. A 
sound lubricating program can be divided into two 
parts. One is to establish a lubricating schedule 
with a definite check list plus the standardization on 
the number of lubricants. Too many types of oils or 
greases lead to confusion and misapplication. Second 
is getting the job done, but getting the job done in 
minimum time and at minimum cost. To meet 

these requirements necessary equipment is pro- 
vided for applying lubricants properly. 

For all practical purposes, there are essentially 
three methods for applying lubricants. One is a 
centralized automatic lubricating system. This 
method is not advisable for the continuous miner 
because the system in itself requires considerable 
attention and its effectiveness is unreliable. How- 
ever, the system has some merit when used in part 
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Fig. 2—Shows a Pandux surface thermometer used 
for temperature checks and a stethoscope made for 
noise testing for bearing failure identification: 1) an 
irregular cracking sound usually indicates dirt in 
the bearings; 2) a continuous metallic rattle, pro- 
duced by the ball separator, is caused by lack of 
lubricant; 3) regular sounds, varying from low 
notes to a high pitched whine, usually indicate race- 
way damage such as Brinelling or a cracked ring. 


to supplement a direct application. An example of 
this combined method is used successfully on the 
ripper miner idler head, gathering head clean-up 
unit, and turntable messenger bearing. 

A second method extensively in use today and 
more reliable than the first is the hand application 
with a type of manually operated grease gun. 
Although effective, this method is objectionable 
because of the time and labor required to do the 
job. Since every minute of operating time is so 
important to successful continuous miner operation, 
the time out for lubrication could be appreciable. 

A faster, more efficient scheme for applying 
lubricants to a continuous miner is the use of a 
power gun. In this modern method, the entire 
package, complete with a grease motor pump and 
storage tank occupying relatively little space, is 
installed as an integral part of the machine and 
powered from the machine’s hydraulic system, 

Fig. 1. With lubricating equipment of this type, 
the mine mechanic can service the most compli- 
cated miner in the same fast and easy manner that 
a service station attendant services your car. 

In addition to the gun application of grease to 
bearings and other moving parts, gear cases, gear 
reducers, and transmissions also require daily 
care. Here is just one example of the importance of 
lubricant standardization—one lubricant to service 
the entire machine and all applied with the machine- 
powered grease gun. To facilitate servicing and in- 
spection of this phase of the lubrication program, 
all inaccessible gear cases are piped out to conven- 
ient locations and clearly labeled. On continuous 
miners that employ a spray or forced lubrication 
system in addition to the other methods, the spray 
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Fig. 3—Rap lock bit block requires no set screw. 
Bits are installed and removed with the special tool 
shown here in use at the far right. 


system is continuously monitored. Pressure gages, 
connected into the system to indicate spray pump 
operation, are located in plain view of the operator. 
Checking Ball Bearings: Noise is an indicator of ball 
bearing trouble, and noise testing is a means of 
quickly checking the running qualities of a bearing. 
Noise and vibration can be detected with a stetho- 
scope made for this purpose— Fig. 2. A popular 
method of making a quick, casual check of bearing 
temperature is to feel the housing cautiously with 
one hand. If the bearing is comfortably warm, the 
decision is that the bearing is not in danger from 
overheating. However, as temperature rises, this 
method does not give an accurate picture. A bearing 
surface housing begins to feel hot at about 125°F, 
and beyond that a thermometer should be pressed 
into service. There are various forms of thermom- 
eters and methods that can be used, some more ex- 
pensive and more accurate than others, but a very 
popular style is the surface temperature thermom- 
eter as shown in Fig. 2. 

Effect of Cutting Bits on Maintenance: The amount 
of maintenance work required is directly propor- 
tional to bit cost. Shock loads encountered by the 
bits are transmitted back through shafts, gears, 
and bearings, yet the miner must be prepared to 
attack a moderate amount of hard material other 
than coal, and it must do this without increased 
cutting and maintenance cost. There are several 
basic requirements that must be considered in a 
cutting element to meet the demand for maximum 
running time and lower maintenance cost. Probably 
the most important is the cutting bit. The emphasis 
is placed on bigger and tougher shanks, fewer and 
faster bit changes. Bit blocks requiring no set 
screws have reduced the time for changing bits. 
The rap lock (Fig. 3) and the rectangular taper 


Fig. 4—Detachable bit 
block for boring-type 
miners. Block is in- 
stalled on tool holder 
by means of a pin; 
thus, no welding is 
required to mount the 
block. 


shank are examples of the no-set-screw type block 
used successfully in our program. Another im- 
portant development in bit blocks for the contin- 
uous borer is the pin-on type or detachable bit 
block. This block is pinned on the rotor arm 
cutters in the same manner as the blocks ona 
conventional cutting chain, Fig. 4. These blocks do 
not require welding for their support. They are 
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Fig. 5—Shows Kellems grip for clamping cable to 
machine and cable rollers mounted in rib holes— 
both are used to minimize cable tension. 


quickly and easily replaced or installed with a 
hammer and punch. Thus less time to replace bit 
blocks, which is far too excessive with the weld-on 
type block, means more time for mining coal. 


ELECTRICAL SYSTEM 


Maintenance of ac equipment is simpler than dc 
equipment, because inspection requirements of a dc 
system are more exacting than ac. Service life of 
motors and controls in a de system is far less than 
in an ac system. Regardless, whether the miner is 
powered by ac or dc, there is a definite economic 
relationship between proper voltage and operational 
efficiency of the miner. It should be realized that 
whenever the electrical equipment on the miner is 
operated at voltages other than specified name- 
plate ratings, some degree of sacrifice in per- 
formance will be encountered. This sacrifice will 
reflect itself in the form of lower production output, 
increased maintenance cost, and reduced life of the 
miner and its components. 

In an ac system, starting torque is reduced and 
the full load temperature is increased with low 
voltages. In the dc system the equipment slows 
down under reduced voltage. Temperature rise 
from low voltage generally shortens service life 
of the electrical motors, heaters and other parts 
and results in high maintenance. 

Cable Failure: Most of the downtime from electrical 
trouble is directly attributable to trailing cable 
failure, usually caused by mechanical damage and 
excessive tension. Mechanical damage is pri- 
marily from other section equipment. Proper 

care and handling will minimize trouble from this 
source. To reduce excessive tension, rollers, over 
which the cable is pulled, are installed in rib holes 
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Fig. 6—Shos voltmeter 
and ammeters installed 
as aids in trouble- 
shooting, inspecting, 
and to provide basic 
readings of current and 
voltage. Shown at bot- 
tom left of operator’s 
station is the intake 
filter through which 
make-up oil is ma- 
chine pumped into tank. 
At right side of sta- 
tion is the sight flow 
indicator for micronic 
filter. 
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on about 12-ft centers. Holes are drilled in the rib 
with a conventional coal drill powered from the 
miner hydraulic system as the miner advances with 
no interruption to production. The cable is pulled 
over rollers from the miner where it is clamped 
with a Kellems grip. The grip in operation is 
shown in Fig. 5. 

To prevent serious damage to cable, power or 
control-circuit wiring, motor windings, and other 
electrical components from ground faults, a ground 
fault protective unit is installed as part of the power 
source. In the ac system, in addition to ground 
fault protection, push button testing of the safety 
ground trip mechanism in the automatic breaker is 
included on the miner. This test made at the ma- 
chine provides a convenient check on the continuity 
of ground wire in the trailing cable to power source 
as well as a check on the ground trip circuit at the 
power source. 

When a cable fails and the fault subsequently 
located, the fault must be quickly repaired. However, 
on-the-spot cable repair is temporary at best and 
will only lead to recurring troubles. To avoid tem- 
porary splicing and to eliminate costly downtime 
from cable failure, spare cable stored nearby in 
lengths of 100, 200, or 300 ft can be quickly sub- 
stituted for one that has failed. The damaged cable 
is then repaired at a cable repair shop. To employ 
this method of handling cable failure, of course, 
requires the trailing cable to be installed in con- 
venient lengths with each individual section in turn 
joined by a permissible connector. 

Current and Voltage Readings: Proper voltage and 
cable care are only part of the program of electrical 
maintenance. Basic readings of current and voltage 
are necessary to provide electrical information as 
it relates to performance and maintenance of the 
miner. Ammeters and voltmeters, mounted at the 
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operator’s platform, are connected in the electrical 
circuit to indicate current and voltage, Fig. 6. These 
instruments not only provide basic information in 
trouble-shooting, but are also very valuable to the 
mechanic in pinpointing trouble in the electrical 
system such as low voltage, unbalanced loads, im- 
proper clutch settings, and open circuits. In most 
instances, basic facts derived from these meters 
pinpoint trouble without the need to investigate a 
controller, motor, or junction box. For example, 
two identical motors driving through a common gear 
train and the meter indicates that one motor is 
taking all or most of the load—it is likely that the 
clutch on the unloaded motor is slipping. 

Daily inspection of the electrical system is made 
during the mining operation by observing the am- 
meter and voltmeter, checking temperature of 
motors, and trailing cable and connectors. Push 
button check of the ground protection equipment 
is made at any convenient time during the shift. A 
routine inspection schedule of the electrical equip- 
ment is designed along the same lines as that set 
up for other mining equipment. The inspection 
schedule is determined on the basis of severity of 
service, type of miner, ac or dc, and the cost evalu- 
ation of the components of the electrical system. 


HYDRAULIC SYSTEM 


Hydraulics is used extensively in continuous 
miners, taking a bigger share of the work load with 
each new machine design, and as a result of this 
rapidly increasing use, downtime from hydraulic 
failures is fast becoming the primary maintenance 
problem. 

Flow Indicator as Trouble-Shooter: There are a 
number of factors contributing to faulty hydraulic 
operation and ultimate failure. The maintenance 
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Fig. 7—Sight flow indicator has a spring-actuated 
indicator vane hung inside the body. This vane is 
visible through the glass and gives an indication of 
the quantity of liquid passing through the line. 
Indicators of this type are installed in the hy- 
draulic circuit to provide a check on aeration, dry 
starts, condition of filters, tram motors, function- 
ing of pumps, relief valves, and other key hy- 
draulic circuit components. 


program is so designed as to minimize the causes 
of failure, provide an expedient system for checking 
to uncover conditions leading to failure. When 
trouble develops the system provides a logical, 
systematic trouble-shooting scheme to quickly pin- 
point trouble before removing any component from 
the machine. The heart of this scheme is a simple, 
inexpensive device known as a flow indicator. See 
Fig. 7. Oil flow through this indicator is plainly 
visible through the glass front on the indicator. 
These are strategically installed in the hydraulic 
circuit to provide a check on aeration, dry starts, 
condition of filters, tram motors, functioning of 
pumps, relief valves, and other key hydraulic 
circuit components. The mechanic can tell ata 
glance just what is taking place in the hydraulic 
system. 

The application of flow indicators is another ex- 
ample of how the maintenance program provides for 
the man at the do-it level to ensure that our goal of 
maximum running time is reached. 

The main causes of trouble in a hydraulic system 
are dirt in the fluid, air in the system, and cavita- 


tion of the pump. Most of the hydraulic problems can 


be solved with the proper application of filters and 


strainers. They are the traffic policemen of modern 


piping, guarding against dirt and foreign matter 
which are detrimental to the performance and life 
of hydraulic equipment. 

Make-Up Oil Additions: Care of the system starts 
with filling the tank. When adding make-up oil, 
special precautions are taken to ensure that clean 


oil enters the system. The most common, but an in- 
efficient, method of adding oil to the miner is to pour 


oil from a can through a strainer assembly into the 


tank. This method is not only too slow but does not 
ensure freedom from dirt because strainers usually 
have holes punched in them to speed up the pouring 
operation. 

In our program of adding make-up oil to the tank, 
two methods are used. In one method oil is pumped 
into the tank from the oil can through a strainer by 
means of a hand pump. This ensures that the oil 
entering the system is clean; furthermore, it is 
faster than pouring out of a can into a filler as- 
sembly. In the other method, the oil is pumped 
through a strainer by means of the hydraulic sys- 
tem low volume pump (details are shown in the 
lower part of Fig. 6) and finally through a micronic 
filter before it reaches the tank. This scheme is 
fast, easy, and also ensures that clean oil is enter- 
ing the system. Actually, this scheme makes it 
possible to add oil while the miner is producing. In 
addition to meeting the requirement of cleanliness, 
the speed of adding oil means more minutes of 
operating time. There are fringe benefits to be 
derived from a fast, easy filling scheme. Because 
of the simplicity and speed, the tank will always be 
full, thus minimizing the troubles from pump cavita- 
tion, high temperature, sluggish hydraulic operation, 
and dirt pick-up from the bottom of a low level tank. 
Filtration: Once the oil is in the system, the filters 
and strainers take over their function of protecting 
our heavy capital investment in the miner. All miner 
hydraulic systems incorporate the use of suction 
strainers. Strainers are designed to remove only 
the large particles and yet keep intake pressure 
drop to a minimum. Intake or suction strainers 
alone cannot adequately protect the miner hydraulic 
equipment from external contaminants. The degree 
of additional filtration depends largely on the type 
of miner. Most miners work well with 100 mesh 
filter opening, while others require 10u or more. 
Filters of this type must be installed on the pres- 
sure or return side of the hydraulic circuit. 

Next in our filtering program is to establish a 
periodic cleaning schedule. This is where most 
hydraulic maintenance programs fail. Much hy- 
draulic servicing is caused by clogged strainers. 
This causes pump cavitation resulting in pump 
noise, reduced pump delivery and slow machine 
cycle, and sometimes complete failure. Too often 
the strainers and filters are not cleaned. 

A simple reliable means of detecting when a 
filter needs replacement is obviously essential. A 
visual flow indicator connected across a filter with 
bypass protection included will indicate clearly 
when the filter needs replacing. This is another 
important application of the flow indicator in pro- 
viding for visual inspection. The spring-loaded 
gate in the indicator opens as oil passes by the 
glass in plain view. 

Another effective filter used both for suction and 
in line is the Rosaen filter with a self-contained 
indicator—see Fig. 1. The indicator shows the 
condition of the filter indicating whether it is clean, 
needs cleaning, or is bypassing oil. 

Air, Heat, and Shock Mean Trouble: Another leading 
cause of trouble and one of the most difficult to 
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INDICATOR, GATE 
IN OPuRATING Posi TY 


locate is air. Air entrained in hydraulic fluid 
causes poor feed, cavitation and suction failure. 
Air trapped in cylinders causes spongy action. 
Bleeder valves installed on cylinders will release 
trapped air. Bleeder valves installed in pump dis- 
charge line ahead of any other component allow the 
pump to purge itself of air immediately upon start- 
ing of the electric motor. 

Heat and shock are other factors that cause 
trouble in a hydraulic system. Proper design of 
operational features into circuits will prevent 
generation of heat. In taking preventive action, 
relief valves are locked at their proper setting and 
are checked periodically with a conventional pres- 
sure gage. Surge pressure relief valves installed 
at the source of shock waves greatly minimize 
damage. These are installed on cylinders that are 
vulnerable to damage from high surge pressure and 
have proved very successful. 

But, even with all of the necessary preventive 
measures, trouble will occur, and when trouble 
occurs the object is to locate the trouble in the 
shortest possible time. The flow indicator’s real 
value as a trouble-shooting device asserts itself 
in this application. These are installed in discharge 
lines of relief valves, sequence valves, drain lines 
of piston-type pumps and motors so that the mainte- 
nance man can tell at a glance which component in 
the system is causing the malfunction (Figs. 8 and 
9). In the piston motor, for example, flow through 
the indicator informs the mechanic as to the con- 
dition of the unit and clearly indicates when it is 
time to replace the unit. No trial and error here— 
no shutdown for time consuming checks. This is all 
done while the machine is producing. The flow 
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Fig. 8—Shows the ap- 
plication of flow in- 
dicators in relief 
valves and sequence 
valve circuits to in- 
dicate the operation of 
these components. 
The uppermost in- 
dicator is shown with 
gate open as oil is 
flowing in plain view 
through the glass 
front. 


indicators installed in relief valve tank lines aid 
the mechanic to analyze other troubles in the sys- 
tem. 


DAILY REPAIR 


But, even with the best routine maintenance that 
can be practiced, breakdowns and production inter- 
ruptions cannot be completely eliminated. The 
maintenance program must provide for such break- 
downs. The unit changeout or package assembly 
system offers the best means for effecting both 
emergency and scheduled repairs at the face. This 
method eliminates time-consuming repairs because 
the replacement of an entire unit can be made in 
much less time than on-the-job repairs on the unit. 
In most every instance of failure, a complete as- 
sembly, having been correctly assembled well in 
advance by experts, can be installed in less time 
than is required to disassemble, investigate, and 
reassemble. Furthermore, the installation of a 
given unit does not require any special skill, so that 
a specialist and close supervision are not essential. 

Not only time but supplies on the section can be 
kept to a minimum in the unitized method of repair. 
The only supplies required on the job are the 
smaller, more frequently used items such as hy- 
draulic hoses, cutting and conveyor chain parts, 
nuts, bolts, and other parts required to make small 
running repairs. The spare units, stored in surface 
or underground shops, are dispatched to the section 
as needed. These spares are also used in the over- 
haul schedule. The initial cost to get this program 
underway is high, but frequency of failures and 
downtime, not dollars, will determine what units are 
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Fig. 9—Shows slow 
indicator connected in 
tram motor circuit and 
micronic in-line filter 
bypass line to indicate 
the condition of these 
units, At right side of 
photograph is shown a 
filter and hand pump 
used to pump make-up 
oil into the hydraulic 
tank. 


needed and where they are to be stored. 

The unit changeout schedule must be revised 
from time to time in order to get the maximum 
yield from these units. If changeouts are scheduled 
too far apart, the units would break down during the 
production shift or be driven to destruction. 


Equipment-Handling Problems: Regardless of the 
system of repair that is employed, parts on con- 
tinuous miners for the most part are inaccessible, 
bulky, and working quarters are crowded. For ex- 
ample, a 100-hp ac motor weighs 2400 lb; a Good- 
man 250 hp motor, 4500 lb; twin borer transmission, 


Fig. 10—Conveyor bottom lined with abrasion- 
resisting steel to increase life of both conveyor 
and conveyor chain, 


6000 lb; Joy borer conveyor, 6000 lb. These are 
typical of the units that must be handled underground. 
How are these to be handled? 

One company equipped a shuttle car with a long 
boom to do lifting jobs of heavy machine units. 
Universal cutting machines, when available, have 
been used on the section for hoisting purposes. 
Baker-Raulang wood timber setters, although 
limited as to lifting capacity, serve as excellent 
cranes. Whether it is the unit system or on-the-job 
method of repair, a mobile repair,vehicle equipped 
with a boom to handle the listing of the bulky, in- 
accessible parts is necessary equipment to effect 
fast and easry repair and quick restoration of serv- 
ice after a breakdown. We have designed a mobile 
repair vehicle not yet in service that is self- 
propelled with a self-contained vise, grinder, oxy- 
gen-acetylene equipment, and power takeoff for 
power tools. This can be dispatched to any work 
area for a scheduled repair job or to handle most 
emergency breakdowns. 

A portable welding machine powered from the 
miner is used for the welding jobs at the face. The 
welding machine is mounted on rubber tires and 
can be moved easily to any location on the section 
for all of the welding needs. This arrangement is 
highly desirable where it is impractical to move a 
miner back to a location where it can be reached 
from a welding machine. 


OVERHAUL 


Since machines depreciate even under the best 
of care, an overhaul plan must be included in the 
maintenance program. Complete overhaul means 
complete dismantling and rebuilding on the basis of 
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time or tonnage. Tonnage generally is used as the 
basis for determining overhauls, but regardless of 
the standards used to determine such overhaul, the 
machine must be overhauled as necessary. Fora 
complete overhaul, the machine must be moved to 
an underground or surface shop where facilities, 
consisting of an electrical, welding and machine 
shop and adequate hoisting equipment, are available. 
Here electric motors and hydraulic equipment are 
removed, tested, and reconditioned. Mechanical 
components are removed and rebuilt. Conveyor 
bottoms are rebuilt with special hard metal to re- 
sist abrasion and increase service life. Fig. 10 
shows the application of hard metal strips to a 
conveyor bottom. Wear points are hard surfaced 

to resist wear and increase life. A central repair 
shop, where a crew of trained personnel with special 
skills can be assigned to this work, is an ideal 
arrangement for the rebuild program. 

A second method of overhaul, although not as 
thorough as the first, is desirable where trans- 
portation of miner from face to shop is a problem 
or when a large number of miners in service makes 
it difficult to schedule machine rebuilds without jams 
resulting from two or three miners coming in for 
overhaul at the same time. In this method, the 
miner is not taken out of service, but is rebuilt on 
the section over a long interval of time. Gear 
cases, speed reducers, transmissions, conveyors, 
hydraulic and electrical equipment are installed as 
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packaged units. These units, having been assembled 
well in advance, are the spare assemblies origi- 
nally purchased to carry out the daily repair pro- 
gram. 


CONCLUSIONS 


The primary objective in a continuous miner 
maintenance program is to get maximum yield 
through maximum running time. The miner, al- 
though complex, is well built and is a reliable pro- 
ducer when given the proper care. Undoubtedly, one 
of the weakest links in the production of coal from 
continuous miners is machine maintenance. Con- 
centration of production into a single machine 
amplifies the effect of unit outage. The cost of a 
continuous miner makes it impractical to keep 
spare miners on hand to substitute for one that is 
down. The success or failure in maintenance will be 
a measure of success or failure of the operation. 
The time has come when maintenance is no longer 
something of a stepchild of the industry. It must be 
put in its rightful place where it belongs, on an 
equal level with production. Unless we are pre- 
pared to recognize the problems of maintenance, 
the continuous mining machine will fail to accom- 
plish its purpose. The program outlined here has 
helped us reduce cost in our operations in which 
75 pct of our total output comes from continuous 
miners. I’m sure it will help others. 


FULL DIMENSION SYSTEMS 


A relatively new haulage system is described. Employed by the Delmont Fuel 
Co., the ‘‘Full Dimension’’ system provides an uninterrupted flow of coal 
from a loader or continuous miner at the Jace to the main line transportation 
system. This system is said to provide a higher percentage of recovery as 


well as additional safety and production. 


| eae Fuel Co. is employing a comparatively new 
system of transportation known as a Full Dimen- 
sion system. Cne of these systems has been in oper- 
ation for a year at the company’s 10-B Mine as a 
part of a conventional section. A second was in- 
stalled at the No. 10 mine in late 1960 to handle the 
production of a Colmol in a pillar section. 


SYSTEM COMPONENTS 


A Full Dimension system is a haulage system that 
provides an uninterrupted flow of coal from a loader 
or continuous miner at the face to the main line 
transportation system. The equipment required for 
this system consists of a series of interconnected 
chain conveyors that are mobile and articulated. 
They will retract or extend a sufficient distance for 
the development of a five-entry system; or, in the 
Colmol pillar section, it provides reach of 210 ft in 
all directions from the section belt. The components 
of this system are: 

1) ‘One 160-ft chain line placed in tandem with 
the belt conveyor. It has a self-propelled drive, 
is 20 in. wide and 9 in. deep. Moving this con- 
veyor requires the assistance of a loading machine 
or cutting machine. 

2) One 40-ft piggyback that discharges along the 
entire length of the 160 ft chain conveyor. 

3) A mobile bridge carrier, which is a self- 
propelled conveyor with four wheel steer and four 
wheel drive, twenty-eight feet long, it delivers coal 
to the receiving end of the piggyback. Axles steer 
individually making possible almost lateral move- 
ment. 

4) Another 40-ft piggyback, duplicate of item 2 
that delivers coal along the entire length of item 3 
(mobile bridge carrier). 

5) A second mobile bridge carrier, similar to 
the first, which deliver coal to the piggyback (item 
4). 

6) A third 40-ft piggyback, duplicate of items 2 
and 4. This pig is attached to the loading machine 
and delivers its coal along the length of the second 
mobile bridge conveyor. 

Since the original preparation of this paper, the 
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Delmot Fuel Co. has been able to eliminate the 
160-ft chain conveyor. This was accomplished by 
connecting the outby piggyback directly to a loading 
machine with an extended boom. The loading 
machine loads directly onto the belt. This change 
has resulted in a substantial reduction in moving 
time and greatly increased flexability. 

A single trailing cable powers the entire string 
of equipment. It is attached to the side of the equip- 
ment in such a way as to Keep it off the ground and 
afford maximum protection. The tramming rate of 
this equipment is 90 fpm. The conveyor capacity in 
a conventional section at Delmont’s mines is 7.5 
tpm and in the Colmol section is 5.5 tom. This 
regulation is a simple function of conveyor speed. 
To visualize operation of this equipment, it would 
be well for me to touch briefly on local conditions 
in the Upper Freeport seam in which we mine. 
(Also, see the photographs of some of the equip- 
ment in use.) 


DELMONT’S TOPOGRAPHY 


The Delmont Fuel Co. operates two mines in this 
seam in Westmoreland County, Pa. The No. 10 
mine, which was opened in about 1912, is now al- 
most worked out. Depending on economics in the 
industry, it has a life of two to four years on a de- 
clining production basis. A year ago a new drift 
mine was opened which is called No. 10-B. It is 
about two miles from the cleaning plant and is con- 
nected thereto by an overland belt conveyor. The 
new mine is being developed at a rate calculated to 
take up the slack as the old mine plays out. 

The Upper Freeport seam averages 4.2 ft in 
thickness in the area of the Delmont mines. It car- 
ries 4 in. of boney coal at the top of the seam and a 
middle man of from 2 to 4 in. We mine just above a 
1-in. slate parting which has 4 to 6 in. of highly 
laminated coal beneath it. This material normally 
makes a very firm bottom. The roof varies from 
dark shale to sand rock and 36-in. bolts are placed 
on 4-ft centers for roof support. All working places 
are driven 20 ft wide on development and 25 ft wide 
on retreat. 

Selection of mobile chain conveyor equipment 
when it became available, was a very natural move 
for Delmont Fuel to make, because chain conveyors 
and piggybacks had been in use at the company’s 
mines for about 12 years. Grades in the new mine 
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a) View of the loading operation in the conventional d) Conventional section: notice how trailing cable 
section. is carried along side of full dimension equipment 
to the loader or colmol. 


b) Bridge conveyor delivering coal to mobile pan e) View of the conveyor belt. 
line in the colmol section. 


Cc) Conventional section mobile bridge carrier trans- J) Mobile bridge carrier in conventional section 
ferring coal from Inby bridge to Outby bridge. Note cables are not on bottom. 
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dictated the use of belts for mainline transportation. 
This required ac power and the elimination of one of 
the main items of expense in the operation of chain 
conveyors, i.e., electrical problems with de equip- 
ment. Of course, the other big item with chain con- 
veyors was eliminated—that of moving and set-up 
time. With the Full Dimension equipment, five en- 
tries on 60 ft centers are driven with ease. Move 
ups or move backs are made at 120-ft intervals with 
the equipment left intact. The only item of equip- 
ment that must be assembled or disassembled is the 
belt conveyor which would be the case for any type 
of transportation. The operation in the No. 10-B 
mine where conventional preparation and loading is 
employed will serve as an example. 


OPERATIONS AT NO. 10-B 


Main line transportation at 10-B is provided by a 
36-in. rope belt. Men and supplies are transported 
by battery bus and locomotive on 60-lb track that 
parallels the belt in the center entry. Track is 
maintained to a distance of 300 ft from the working 
face with the result that portal time is kept ata 
minimum. Delmont’s supply system, which is a 
very important part of the overall setup, differs 
greatly from the average system. For its develop- 
ment, the company engineers borrowed a page from 
the railroader’s manual. It is called a piggyback 
system because rubber-tired trailers, loaded 
mechanically with supplies, are hauled into the mine 
on board flat cars. The flat cars are 8 in. high, 6 ft 
wide, and 20 ft long. Each flat car will handle four 
rubber-tired trailers that are 4 ft wide, 8 ft long, and 
19 in. high. These four trailers hold sufficient rock 
dust and roof bolts for 40 cuts of coal, measur- 
ing 20 ft wide, 10.5 ft deep, or about 1350 tons. 
These supplies are stored in a supply shed, on pal- 
lets, and loaded by fork-lift. They are hauled toa 
breakthrough near the end of the track, pushed off 
the cars down a light steel ramp, and spotted 
throughout the section by means of a battery trac- 
tor. In this manner supplies are handled only once. 
In most cases the tractor and trailers can be run 
underneath the piggyback conveyor. This system 


8) Supplies being unloaded in the working area piggyback style. 


has saved a very appreciable amount of labor over 
other systems with which the company has had ex- 
perience. 

The mine voltage selected is 550-v ac. This volt- 
age is used because Pennsylvania State laws did not 
have a feasible provision for high potential under- 
ground transmission. Service on the surface is 
12,000 v. This is reduced to 550 v on the surface 
and carried down boreholes to the section. A bank 
of capacitors at the section distribution center cor- 
rects the power factor from 67 to 98 pct. It is 
estimated that a section can be operated at a dis- 
tance of 10,000 ft from the transformer and stay 
well within the 10 pct range of the electrical equip- 
ment. It may startle some mining engineers who 
have operated on 440 ac systems without the use of 
capacitors, by saying that a Colmol section 8200 ft 
from the transformer was operated with perfect 
voltage. There was sufficient regulation remaining 
in the transformer to allow another 2000 ft. The 
company’s power projection for the future calls 
for a reach from the transformers of up to 10,000 ft. 

Preparation equipment consists of two 10 RU 
cutting machines equipped with 11-ft cutter bars, 
high speed hydraulic drills, and bug dusters. One 
machine is located on the right side of the belt and 
one on the left side. Compressed air is supplied by 
aluminum tubing from a large stationary compres- 
sor on the surface to three stopper outfits for roof 
drilling, one in the center, one on the right, and one 
on the left side of the belt. Coal is loaded with a 
high capacity Long 188 loading machine. Multiple 
shooting is the practice. 

Section personnel include: one foreman; two cutting 
machine operators; one combination driller (helps 
cutters) shot firer; two roof bolters; two mobile 
bridge conveyor operators, one a combination 
mechanic-operator; one loader operator; and one 
front-end man. This is a total of ten men. 

The loading and preparation cycle has been 
worked out in such a way as to minimize congestion 
and provide some flexibility in the face area. As the 
cut sequence indicates, there are some 95 cuts toa 
move which amounts to about 3700 tons of clean 
coal. Actual loading time per cut including place 
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change is between 13 and 14 min. The full potential 
of the system over a full shift has not yet been 
reached, but performance is improving steadily. 
The average time required to make a complete 
move up to the present is 75 min. Face crews 
handle all the work connected with the move. 


THE SYSTEM BACKS A COLMOL 


Delmont has experimented with Full Dimension 
equipment to back up a Colmol in a worked over 
section recovering chain pillars. This area was 
worked over about 13 years ago with the result that 
some cleaning must be done in order to cross old 
entries and breakthroughs. It is too early to arrive 
at final conclusions, but certain characteristics of 
the system have shown up that are most encourag- 
ing, particularly when thinking is projected to re- 
sults obtainable in new workings that are developed 
for a particular continuous mining machine. Most 
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notable among the favorable characteristics is a 
stepped up capacity to transport coal away from the 
Colmoi during the final stages of the extraction of 
a pillar. 

Naturally piling coal on the mine floor behind a 
miner during the final stages of the extraction of a 
pillar is risky business at best. In a 4-ft height, 
this practice is even less desirable due to the very 
limited storage area. In the old workings in which 
the Colmol is operating, only one shuttle car could 
be used if that method of transportation were em- 
ployed because only one roadway is maintained to 
the back of the machine. Under these conditions, 
1-tpm production would be a reasonable rate to 
expect. However, under this same set of conditions, 
rates of 4 to 5 tpm are obtained with the Full Dimen- 
sion system. It follows then that a higher percentage 
of recovery is possible along with additional safety 
and production where continuous transportation is 
available. 


MOSS NO. 3 MINE: THE MATERIALS 


HANDLING ASPECTS 


A large reserve of thick coal in southwest Virginia was developed by Clinch- 
field Coal Co. in 1957-1958 to produce a nominal rate of 1500 tph raw coal. 
Operation features coal cleaning in transit, Refuse removed averages 35 pct. 
Evolution of plant from initial conception to completion is discussed, selec- 
tion of means applied is explained, and performance to date vs design ex- 
pectation is described, The long-range plan calls for ultimate handling 
capacity of 40,000 thd raw coal with anticipated clean coal capacity of 


26,000 tpd on a three-shift basis, 


rom a materials handling viewpoint, the Moss No. 

3 operation is principally of interest as an en- 
semble. 

Generally speaking, it uses time-tested equipment 
and ideas but some of these are employed on a scale 
that may be new in the industry. At present about 
20,000 tpd of raw coal are being handled. This is 
expected to increase to 40,000 tpd as soon as busi- 
ness conditions justify it. 

The purpose of this paper is to discuss the evolu- 
tion of the plant as to materials handling practices, 
to describe briefly the equipment and methods used, 
and to comment on performance in certain areas. 
The subject divides itself naturally into four phases: 
1) operations at the mines, 2) transportation from 
mines to plant, 3) raw coal handling into the plant, 
and 4) transportation of refuse away from the plant. 


OPERATIONS AT THE MINES 


The coal reserves for Moss 3 are in southwest 
Virginia where Dickenson, Russell, and Buchanan 
Counties come together. This area contains about 
15 square miles and over 100,000,000 tons of coal. 
Here the No. 4 (Tiller) and No. 5 (Jawbone) seams 
of the Norton Formation lie so closely together that 
for practical purposes, they constitute one seam of 
coal. This seam, which is called the Thick Tiller, 
varies from 10 to 18 ft in thickness and underlies 
Sandy Ridge, a mountain cresting between 2400 and 
3300 ft above sea-level. 

At 18-ft seam height (which is considered to be 
the maximum practical mining height) the parting 
between seams will be about 3 1/2 ft thick and each 
bench of coal will be about 7 ft thick. Depending on 
the amount of impurities in the seams proper, total 
reject in this height coal may approximate 50 pct by 
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wt. It will average about 35 pct for the property as a 
whole. 

The first move in developing this resource was 
made in 1953 when contour maps of several square 
miles around Duty, Va., including all the known out- 
crop, were made by photogrammetry. At this time, 
it was felt the prospective operation would be served 
by the Clinchfield Railroad and a photogrammetric 
route survey was made by this railroad from Haysi 
to Duty. Study of the resulting maps indicated only 
one site—adversely owned— which might accommo- 
date the size washing plant to be erected. Water re- 
sources of a dependable nature seemed nonexistent. 

In 1954 bulk washability tests were made on the 
Tiller Bench at the Moss No. 1 preparation plant. 
The tests indicated this portion of the seam, mined 
separately, would wash to 4 pct ash with good re- 
covery. Also in 1954, development of Moss No. 2, 
south of Sandy Ridge, was begun. This mine is in 
the Tiller Seam where it is about 100 ft below the 
Jawbone Seam. The reasons for developing a mine 
in the normal Tiller Seam before tackling the Thick 
Tiller seemed compelling: Railroad service could 
be established quickly, communications were better 
(though not good!), more was known of the seam (it 
had been mined in the years 1911 to 1924), and there 
was no essential property to be acquired. 

After some legal skirmishing, the Norfolk & 
Western Railroad was granted the right to serve 
the new mine. Three decades earlier the old mine 
had been served by the Clinchfield Railroad. 

The event which triggered active development of 
Moss 3 was the Appalachian Power Co.’s decision 
in 1956 to build a 450,000-kva power plant on 
Clinch River at Carbo. This solved the problem 
of marketing the steam coal which inevitably must 
be a product of a mine in the Thick Tiller. 

Management promptly decided to build the prepa- 
ration plant at Carbo where an excellent site was 
owned; where railroad service existed; where 
telephone service could be obtained; and where 
roads, bridges, and water supply were tolerable. 
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This site was two miles from the proposed power 
plant. The decision to locate the preparation plant 
at Carbo made it necessary that the Norfolk & 
Western serve the new operation also. 

Initial capacity was set at 15,000 tpd of clean coal 
per day. It was anticipated it would take up to 24,000 
tons of raw coal to obtain this. It was decreed this 
should be obtained from four separate mine portals 
and we knew approximately where we wanted to 
locate these portals. 

After the Norfolk & Western engineers’ deter- 
mined by mid-1957 the most economical locations 
for the main line and spurs to the portal vicinities, 
these track locations were staked out and mine 
projection and surface layout planning was begun. 

Meanwhile, Clinchfield Coal was purchasing 
additional property, diamond drilling, putting in 
small test mines, making washability and carbon- 
ization tests, grading mine plant site, etc. 

For coal transportation at the mines, the initial 
idea was to plan for track haulage and big mine 
cars. After a good look at the grades to be sur- 
mounted it was seen that tracks could be used only 


on main entries and these would have to follow the 
strike closely. This would require the use of belt 
conveyors for lateral haulage on the dip. The A and 
B Mines were initially projected in this manner. 
When this type projection was attempted at D mine, 
a combination of coal contours and limited mining 
rights made use of track out of the question since 
the main line grade would have been 6 pct. Figs. 1 
and 2 illustrate the natural conditions in the area to 
be mined. Being forced to use all belt haulage at 

D mine, it was decided to employ it at A, B, and C 
portals also. 

The detailed planning of the conveying system 
hereafter was essentially the work of R. J. Howard, 
mining engineer, and M. M. Haley, construction 
engineer, who made the mechanical and structural 
layouts. 

Test work at experimental mines indicated that 
fairly large lumps of rock and coal would be handled 
if full seam mining was used. Since selective mining 
by benches was never seriously considered, it was 
decided that 48-in. main line belts were needed to 
handle the expected lump size. This is believed to 
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Fig. 3—Conveyor identi- 
fication at Moss No. 3, in 
use as of Oct. 1, 1959. 


be an economical compromise between operating 
and capital costs, although the capacity of a 48-in. 
belt (if the material could be appropriately sized) 
is greatly in excess of what is actually handled. 
Again, imagining what large lumps would do to 
idlers on a rigid pan line, it was decided to use rope 
belts underground. This was despite an adverse 
report from the West Virginia operation, which had 
experienced excessively rapid edge wear on rope 
belts. We feel our decision for rope belts was 
correct. On certain portions of the main line belts, 
between the drive and the surge bin, rigid idlers 
were installed initially. The life of the rigid idlers 
was so unsatisfactory that these conveyor sections 
have since been modified to rope suspension. This 
modified rope support is relatively stiff in com- 
parison to the normal rope suspension underground, 
but it seems to have enough give in it so that im- 


vol 
~ 


pacts of big lumps no longer destroy the idlers. 

One effect of transporting large lumps of rock 
in the raw coal all the way to the preparation plant 
was not fully appreciated in the planning stages. 
When lumps of rock, transported as part of the raw 
coal, go through transfer points, bins, etc., they 
crush the coal and degrade it. As a result the size 
consist at the preparation plant is appreciably finer 
than the consist of the raw coal as it leaves the 
face. 

At each of the four mines, three production units 
were planned. Each production unit would include a 
loading machine, two shuttle cars, a cutting machine, 
a mobile coal drill, a roof bolting machine of special 
design, and a belt feeder. Each unit was expected to 
produce 1000 tons of raw coal per shift of 8 hr. All 
production units load onto individual 36-in. belts 
whether working in lateral panels or advancing the 
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main entries. Again, the choice of 36-in. belts for 
the individual units was based on the expectation of 
having big lumps to handle. 

Fig. 3 shows the locations of the belts and Table I 
presents detailed information on the conveyors in 
use in October 1959. Fig. 4 illustrates the conveyor 
structures at mines A, B, C, and D. To compensate 
in part for main line conveyor stoppages and inter- 
ruptions in loading railroad cars, surge bins were 


provided. These were initially designed to be made 
of reinforced concrete but they were finally con- 
structed of structural steel at an estimated saving 
of $15,000 per bin. They hold about 800 tons. Under 
each bin is a heavy duty Stephens- Adamson apron 
feeder. Originally these fed bar grizzlies of con- 
ventional design intended to put fines on the belt 
first to cushion the lumps. The cross members sup- 
porting the bars snagged too many slabby pieces of 


Table I. Belt Conveyor System at Moss No. 3 Mine 


T Tr. Idler Rtn Idler Pulley Data Belt 
yp 
F Bottom 
Capa- App. Sup- Diam, Ctr, Diam, Ctr, ; Duck, Top 
Conveyor Make Length Width Speed city HP port In. Fr In. Ft. Head Drive Tail Ply Oz Cover Cover 
Head 
AB HR 511 54 465 1200 125 Con 4 6 10 48x57 Pulley 36x57 6 42 1/4 1/16 
HR 480 + Con 4 5 10 Tandem 
A Mains Gdman 2580 48 630 1300 300 Rope 5 4 20 36x51 30x54 20x51 5 42 3/16 1/16 
10& Tandem 
A 1st Rt (1) Joy 2100 36 445 500 125 Rope a 4 15 20«x39 24x39 15x39 4 42 1/8 1/16 
Tandem 
A 1st Rt (2) Mixture 2100 36 485 550 125 Rope 5 4 15 16x40 20x40 16x40 4 42 1/8 1/16 
Tandem 
A 2nd Rt Joy 1910 36 445 500 125 Rope 5 4 15 20x39 24x39 15x39 4 42 1/8 1/16 
Tandem 
A 3rd Rt Joy 2230 36 440 500 125 Rope 5 4 15 20x39 24x39 15x39 4 42 1/8 1/16 
Tandem 
A 4th Rt Joy 2230 36 445 500 125 Rope 5 4 15 20x39 24x39 15x39 4 42 1/8 1/16 
HR 490+ Con 4 5 10 Tandem 
B Mains Gdman 4100 48 630 1300 300 Rope 5 4 20 36x51 30x54 20x51 5 42 3/16 1/16 
10 Tandem 
B 2nd Rt Mixture 625 36 550 600 Rope 4 4 20 20x39 18x39 15x40 4 42 1/8 1/16 
Tandem 
B 3rd Lt Joy 950 36 450 500 125 Rope 5 4 15 20x39 24x39 15x39 4 42 1/16 1/16 
Tandem 
B 3rd Rt Joy 950 36 450 500 125 Rope 5 4 15 20x39 24x39 15x39 4 42 1/8 1/16 
Head 
C2 HR 172 48 400 800 20 Con 4 5 10.4 36x51 Pulley 30505 42 1/4 1/16 
Head 
Cal HR 777 48 640 1350 125 Con 4 2 10 36x51 Pulley 305i 5 42 1/4 1/16 
HR 130+ Con 4 6 10 Tandem 
C Mains (1) Gdman 2980 48 630 1350 300 Rope 5 4 20 36x51 30x51 20x51 5 42 3/16 1/16 
C Mains (2) Jeffrey 3000 36 445 500 125 Rope 5 4 20 20x40 20x40 15x40 4 42 1/8 1/16 
C 2nd Rt Jeffrey 950 36 450 500 125 Rope 5 4 20 20x40 20x40 15x40 4 42 1/8 1/16 
C 3rd Rt Jeffrey 1110 36 450 500 125 Rope 5 4 20 20x40 20x40 15x40 4 42 1/8 1/16 
Head 
Dat HR 284 48 400 800 20 Con 4 5 10.4 36x51 Pulley 30x51 65 42 1/4 1/16 
HR 150+ Con& 4 5 10.4 Tandem 
D Mains (1) Gdman 2710 48 620 1300 300 Rope 5 4 20 36x51 30x54 20515 5 42 3/16 1/16 
D Mains (2) Jeffrey 3000 36 450 500 125 Rope 5 4 20 20x40 20x40 15x40 4 42 1/8 1/16 
D 2nd Rt Jeffrey 110 36 450 500 125 Rope 5 4 20 20x40 20x40 15x40 4 42 1/8 1/16 
D 3rd Rt Jeffrey 950 36 445 500 125 Rope 5 4 20 20x40 20x40 15x40 4 42 1/8 1/16 


A) All 36-in. belt drives use one 125 hp motor, 440v, three-phase, ac. 
B) 48-in. belt drives use one or two 150 hp motors, 440v, three-phase, ac. 


C) All 48-in. conveyors on rope use 3/4 in. ropes and all 36-in. conveyors use 5/8 in. rope. The spacing of all rope anchors is 160 ft. 


D) All drive pulleys are lagged. 


E) All 48-in. belts are equipped with horizontal gravity take-ups. The 36- 
increased to 15 or 20 ft. 


in. belts are not. The 10-ft travel originally furnished was insufficient and has been 


F) 48-in. conveyors on conventional supports are supplied with training idlers on both strands. 
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Fig, 4—Run of mine conveyor system used at mines A, B, C, and D, Moss No. 3. 


rock and scrap iron and the grizzlies had to be 
replaced. They were replaced by a structural steel 
fabrication in the form of a slotted chute. The sides 
forming the slot slope inwardly, and the slot de- 
scends in a vertical curve widening as it does so. 
These slotted chutes have given complete satis- 
faction. 

Whether to load on one or two tracks was argued 
at great length. The decision was to load on two to 
insure more continuous operation. The mechanisms 
which transfer or divert the raw coal from one track 
to another are illustrated in Fig. 5. The idea is 
simple, the construction is rugged, and operation 
has been trouble-free. 

The railroad track layout allowed only short 
tangents at the loading points. A better arrangement 
of the retarding hoists (Sanford-Day type HKG) was 
possible at CD than AB. At CD loading point, either 
hoist can be used on either track and both can be 
used on one track if desired. This permits hooking 
five empties onto five loads and taking slack on the 


downstream line while holding all ten cars on the 
upstream line prior to cutting off the five loads. 

Five are not always loaded on one string, since 
there was one wreck caused by a decrepit car pulling 
apart and turning ail five cars loose. One boom 
operator and one car dropper at each loading point 
handle the traffic—presently 60 to 70 cars per shift. 

Personally, the author is not convinced, as yet, 
that two tracks for loading raw coal are really 
needed. 

Underground on the section, coal is loaded by 
15BU Joy Loaders into 15SU Shuttle Cars. The shut- 
tle cars hold 15 tons of raw coal and discharge it in 
60 sec into Columbus McKinnon feeders which are 
illustrated in Fig. 6. These are timed to discharge 
the coal in 3 min and then shut down. The feeders 
and shuttle cars have been very satisfactory. The 
loaders are still under development. 

For transporting men and supplies into the mine, 
60-lb track is used on wood ties on the main line 
and on steel ties in the laterais. Special cars are 
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Fig. 5—Mechanisms for transferring or diverting raw coal from one track to another. The primary gate in 


the position shown will discharge through the secondary gate No. 2 into car B, When in the reverse posi- 
tion, the discharge is through grate No. 1, into car A. The primary gate is operated by two hydraulic 
cylinders, one on each side. The secondary gates are operated by a single cylinder at one end, The gates 
travel at 60 fpm. Remote control is by electric push button and the operating hydraulic pressure is 

600 lb, All gates have the same general detail except that the primary is 4 ft, 6-in. wide and the 


secondaries are 4 ft, 3-in, 


provided for powder and for hydraulic and lubricat- 
ing oils. Eight wheeled flat-decked cars are used 
for handling bulky supplies such as mine timber, 
rock dust, roof bolts, etc. Special carriers are 

used for the transportation of heavy machinery 

and big reels of rubber belting. Mechanics and elec- 
tricians have their own locomotives. Section person- 
nel use mantrip jeeps, which can accommodate up 

to 14 persons. 

One of the compensations of having 12 ft or more 
of seam height is that it is easy to put a supply 
track under or over a belt without having to take 
top or bottom. 

The present provisions for handling mine waste 
are limited to loading it into trucks at the railroad 
car-loading points on idle days, or to gobbing it 
underground. Whether to invest in better facilities 
is still unresolved. 
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TRANSPORTATION FROM MINES TO PLANT 


From Carbo to Duty is seven miles as the crow 
flies. Surface elevations at Carbo are about 1535 ft 
and at Duty they range from 1600 to 1800 ft and 
higher. Between them lies Sandy Ridge. Fig. 7 
shows how the Norfolk & Western built their line 
to connect the mines with the preparation plant. To 
serve a strip coal loading dock, the Dumps Creek 
Branch had been extended early in 1956 to a point 
near what was to become the south portal of a 
tunnel under Sandy Ridge. In building the additional 
six miles of main line to Duty, they were able to 
start the southern approach cut to the tunnel in 
April and the tunnel proper on July 3, 1957. The 
approach cut at the north portal is long and deep 
and the first round out of the tunnel at this end was 
not taken until September 27. The tunnel is 8240 ft 
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Fig. 6—Diagram of feeders used underground at Moss No. 3. 


long and was holed through on 
revenue traffic through it was 


1959. The concrete lining was completed in Decem- 
ber 1958. The line to Duty beyond the tunnel is on 


a 2.1 pct compensated downhil 


way, which makes the grade against the loads. 
The method of operation now used to handle 300 
to 350 cars daily will be capable of handling the 


May 16. The first 
hauled on July 28, 


1 grade most of the 


ultimate capacity of 500. Four train crews are 
assigned. Two work in the daytime and two at night 
and they work in pairs. Each crew consists of six 
men with four diesel units and a caboose and starts 
its tour of work by delivering empties to the mines. 
After delivering empties the first crew pulls 40 
loads from AB loading point. This train of four 
diesel units and 40 cars forms the rear or pushing 
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Fig. 7—Norfolk & Western Rai 
livery and outlet tracks are: 1) 
2) Moss No. 3 preparation plan 


ton cars, outlet; and 3) Moss No. 2, including X-5, 2 


lway Co. Dumps Creek branch serving Moss Nos. 2 and 3, Capacities of de- 


Moss 


No. 3 A, B, C, and D mines, 120 70-ton cars, delivery and outlet; 


t, 302 70-ton cars (ROM) and 65 70-ton cars (empty), delivery, and 219 70- 


03 70-ton cars delivery and 114 70-ton cars outlet. 
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Fig. 8—Car-retarder system—plan and profile. Notes: Circled T indicates retarder normally closed; 
when track circuit is occupied for a predetermined time, the retarder will open automatically, The 

““S” indicates power-operated switch. Solid square indicates instrument housing, Circled numbers 
indicate the following: 1) 16-cylinder retarder, double rail, automatic; 2) manual control point for re- 
tarders 1B, 1C, 4B, 4C, 5B and 5C, and supervisory control point for vetarders 1A, 4A, and 5A; 3) man- 
ually controlled 10-cylinder retarder, double rail; 4) manually controlled 6-cylinder vetarder, single 
rail; 5) manually controlled 8-cylinder retarder, single vail; 6) 5-cylinder retarder, single rail; 7) 12- 
cylinder retarder, double rail; 8) supervisory control point for retarders 0 through 5, 6A, 6B, and 6C; 
9) supervisory control point for retarder HI-4 and load-yard switches; 10) 9-cylinder retarder, single 


vail; and 11) 16-cylinder retarders, double rail. 


end of a train of 80 cars. The head end of the 80- 
car train is formed by the second crew of four 
diesel units which meanwhile has pulled 40 cars 
from CD loading point. The two trains consolidate at 
Tiller Fork Junction and with four units (crew two) 
pulling and four units (crew one) pushing, travel to 
Sandy Ridge Tunnel where crew one cuts off and re- 
turns to the mine. Here it makes up an 80-car 

train for the second movement over the hill, while 
crew two delivers 80 cars of raw coal to the clean- 
ing plant. The two crews can handle 280 cars of 

raw coal during their tour of duty. To deliver 500 
cars of raw coal daily will require having 600 cars 
on hand and daily delivery of 350 empties in addi- 
tion to the ones returned empty from the preparation 
plant. 


RAW COAL HANDLING AT THE 
PREPARATION PLANT 


In telling how the raw coal is moved from rail- 
road cars into the preparation plant, first the system 
for moving the cars and second the means of con- 
veying coal will be described. The car handling 
method was worked out by the Union Switch & Signal 
Co. and the Norfolk & Western Railway. The 
governing idea was to unload raw coal and reload it 
as Cleaned coal with the smallest possible number 
of men. As finally completed, this requires six men. 
The track and car retarder-layout are shown sche- 
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matically in Fig. 8. The raw coal storage yard has 
a capacity of 320 cars. Incoming loads are placed 
on one of six tracks by the Norfolk & Western 
crews, pushing them up from the lower end of the 
yard. A two-man Clinchfield crew using a 110-ton 
General Motors diesel electric switcher (the Green 
Hornet), brings 15 cars down and approaches the 
rotary dumper. Usually there is one load in the 
dumper and two or three standing at this point and 
the 500-ton bin under the dumper is empty or nearly 
so. The cars ahead of the switcher are then dumped 
one at a time. A three-color signal is provided for 
the locomotive engineer by means of which the 
dumper operator tells him to push up, stop, or back 
off. The brakeman who uncouples the cars and the 
dumper operator cannot see each other so the brake- 
man must signal the dumper operator he is in the 
clear before the dumper can be rotated. 

Having dumped the standing loads, the switcher 
runs around the trip newly brought down, gets be- 
hind them, and resumes the cycle. A single cycle 
takes a little less than 2 min and 40 to 50 min per 
hr are used in dumping, the other 10 or 20 min 
being consumed in going back into the yard for more 
loads. The dumping record so far has been 204 cars 
in 7 3/4 hrs. 

The empty cars bumped off the dumper are 
directed to one of six tracks for reloading or to 
the empty track which accumulates the surplus. 

The heaviest loadings of clean coal are on tracks 
one (steam coal) and four or five (metallurgical 
coal) and these are equipped with retarders. Tracks 
two and three are used for loading sized coals and 
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Fig. 9—Diagram of the conveying system into the plant, Plan and elevation of Moss No. 3 ROM system to 


plant. 


being relatively inactive, are equipped with HKG 
hoists. 

The fourth man in the crew is the ground man 
who opens the coupler at the intermediate retarder 
and, if and when they are needed, drops cars onto 
track two or three by hand. The fifth man in the 
crew is the loading point operator. The sixth man 
is on the ground at the loading point. He selects 
the speed at which cars leave the final retarder and 
the storage track to which the loads of clean coal 
are directed. Car handling personnel between the 
dumper and the loading point have their own inter- 
com system which helps make the car handling 
operation remarkably smooth and trouble free. 

The second part of this description concerns the 
conveying system (Fig. 9) into the plant which is 
entirely the work of the Link Belt Co. Table II 
gives conveyor details. 

This portion of the system consists of a double 
reciprocating feeder under the dumper bin, the 
crusher feed belt, the crusher, a short impact and 
accelerating belt under the crusher, a suspended 
moving-belt-type magnetic separator, and the surge 
bin feed belt which discharges into a 2500-ton con- 
crete surge bin. It was designed to move coal at 
2200 tph for the 40 to 50 min per hr coal is being 
dumped. The feeders under the surge bin and the 
belt were designed for 1500 tph plant feed. 

The handling system to the surge bin is under the 
control of the dumper operator and from the surge 
bin in, control is by the plant operator. 

The crusher used is a 36X72-in. McClanahan & 
Stone Rockmaster. It receives the overproduct of 
a stationary grizzley with 4-in. wide slots and is 
set to crush to 4 in. Grizzley undersize and crushed 
product fali onto the accelerating belt traveling at 


550 fpm, forming a coal layer about 16 in. thick. 

The magnetic belt separator was intended to pick 
up iron where the coal leaves the head pulley but 
too much scrap got by it. This tramp iron rarely 
fazed the coal handling system but instead invari- 
ably jammed the heavy media vessels and caused 
emergency shut down in the plant. This problem 
was solved by installing a Stearns metal detector 
which shuts the crusher feed belt down when a 
piece of metal of predetermined mass passes it. It 
is not uncommon, on a particularly rough day, for 
the detector to shut this belt down four times in an 
hour. The belt cannot be started until the offending 
piece of material is removed and the device reset 
by the dumper operator. 

In general, the system of handling into the plant 
is now working in a satisfactory manner. To arrive 
at this status, it was necessary to change out two of 
the conveyor hold backs on the system, and replace 
them with heavier duty models. Also, there were 
some belt splicing problems to overcome and a 
simple, reliable, heavy duty bin indicator to de- 
velop. This took some time to achieve. 

The principal remaining problem results from the 
extreme dustiness of the coal. The rapid accumula- 
tion of dust requires constant clean-up and vigilance 
to prevent a fire and explosion hazard. Measures 
are being taken, starting at the mines, to improve 
this situation and dust collection facilities in the 
dumper pit will be installed. 


TRANSPORTATION OF REFUSE AWAY 
FROM THE PLANT 


The refuse disposal system was designed by Link 
Belt Co. with some assistance (interference) from 
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Table Il. Moss No. 3 Preparation Plant, Carbo—Raw 


Coal Conveyor Details 


Crusher Surge Plant 
Feed Impact Bin Feed Feed 
Unit Conveyor Conveyor Conveyor Conveyor 
Inclined Horizontal Inclined Inclined 
Type Troughed Troughed Troughed Troughed 
Width (in.) 72 60 60 60 
Speed (fpm) 305 550 550 550 
Capacity (tph) 2200 2200 2200 2200 
Length (ft) 250 31 286 458 
Vertical lift 53 0 85 124 
Motor hp 200 30 250 300 
Idler Data 
Troughing and 
return, Diam 6 6 6 6 
Troughing angle 20° 20° 20° 20° 
Carrier spacing, ft 3% 1% 3% 3% 
Return spacing, ft a 7A 7 7 
Pulley Data 
Head pulley, in. 54x 78 30x 63 42x 63 42x63 
Tail pulley, in. 42x78 30x 63 36 x 63 36x 63 
Snub pulley head, in. 30x 78 None 24x 63 24x 63 
Snub pulley tail, in. 30x 78 None 24x 63 24x 63 
Take-up Tail pulley Tail pulley 36x 63 36x 63 
Bend pulleys, in. 2@ 24x63 2@24x63 
Belt Data 
Ply 6 5 5 
Duck, oz 42 36 42 42 
Top cover 5/16 1/4 3/16 3/16 
Bottom cover 1/16 1/16 1/16 1/16 
Length 526 73 632 991 
Design tension, lb 22,300 6,500 20,700 20,700 
Nominal size of 
material 18x 24x36 in. -4 in, -4 in. 


Clinchfield. It has a nominal capacity of 615 tph, 
and uses 36-in. belts traveling at 450 fpm. Con- 
veyor details are given in Table III. What it can 
ultimately be made to handle is as yet unknown but, 
if necessary, we think we can make it carry 900 tph. 
After the location of the plant had been closely 
established by consultations between the N& W, 
Link Belt, and Clinchfield and knowing where we 
wanted to put the refuse, we started looking for a 
suitable path. The best location, all things con- 
sidered, placed the terminal of the main belt 2400 
ft forthwest of the plant and 400 ft higher. The pro- 
file undulated upward along a hillside after leaving 
the railroad embankment. Rather than go over the 
tracks in a gallery, it was thought best to go under 
in a 9-ft ID multiplate tunnel. The tunnel was 
installed in three stages. The first 100 ft was in- 
stalled over a weekend under the single track in 
existence in December 1957. The pipe was pre- 
assembled in three sections about 35 ft long. The 
track was taken up on a Friday evening and the 
road bed was dug out. A subdrain and crushed 
stone foundation was prepared on Saturday. On 
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Table Ill. Moss No. 3 Preparation Plant, Carbo—Refuse 
Conveyor Details 


Refuse Tower Boom Refuse Refuse 
Slope Refuse Trailing Stacker 
Unit Conveyor Conveyor Conveyor Conveyor 
Inclined Inclined Inclined Inclined 
Type Troughed Troughed Troughed Troughed 
Conveyors 
Speed (fpm) 450 450 450 600 
Capacity (tph) 700 700 700 700 
Length (ft) 2467 70 595 70 
Vertical Lift (ft) 408 20 20 15 
Motor 
hp 400 25 Us, 30 
rpm 1150 1750 1150 1750 
Drive Pulley, in. 54x 38 24x 38 36x 38 30x 38 
Pulleys 
take-up, in. 36x 38 20x 38 30x 38 12 C.I. drum 
bend, in. 42x 38 10x 2% 30x 38 12 C.I. rope 
sheaves 
snub, in. 36x 38 6x 38 24x 44 30x 38 
Troughing 390 — 35° 15 =35° 160 —35° 
angle 1-20 2 —20° 1 —20° 
Belt 
width, in. 36 36 36 36 
length, ft. 5150 155 1215 156 
Material 
size, in. Rock —4 Rock —4 Rock —4 Rock —4 


Sunday the tunnel sections were aligned on grade 
properly, bolted together, and painted. Then the 
backfill, subgrade, and track ballast were placed 
and tamped. The track was restored for service 
early on Monday morning. The second stage in- 
volved the placing of 110 ft prior to forming the 
embankment carrying the loading tracks. After this 
section of multiplate was erected and aligned, 6 ft 
of fill were placed over it by Euclids and bulldozers. 
Although considerable strutting was used, more 
should have been used, since the pipe was slightly 
deformed in placing and compacting the fill above it. 
The last 30 ft of tunnel was added to obtain a satis- 
factory roadway around the HKG hoists without 
using cribbing. 

The final belt profile consists of five tangents and 
four vertical curves. The starting elevation is 
1538 ft and the final elevation is 1946.50 ft on the 
head pulley at station 2467. The least radius of 
vertical curvature is 700 ft upward on the first 
curve. The second curve is on a 1400 ft radius 
downward and the last two curves are both on a 
4000 ft radius upward. Maximum grade on any 
tangent is held to 15°. 

The conveyor path selected required the crossing 
of two ravines. It was decided that it would be 
cheaper to cross them on fills rather than on struc- 
tures. Two bulldozers were put to work when 
weather and availability permitted Several months 
later Clinchfield’s profile No. 2 was made of the re- 
sulting rough grade and sent to Link Belt. On 
receipt of a suggested profile from Link Belt, we 
bulldozed some more and made Clinchfield’s pro- 
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file No. 3. The conveyor was to be constructed of 
prefabricated frames 18 ft 6 in. long to be erected 
on sills of precast reinforced concrete with em- 
bedded clip angles. These sills were to be set on 
line and grade by station number and exact eleva- 
tion. Several more stages of grading and profile 
Swapping occurred before we arrived at the final 
profile. By this time, disposable fill was getting 
scarce and there was very little vegetation left on 
the hillside. In the early months we did not co- 
ordinate the dozer work closely enough with 
surveying but we made up for this later. In retro- 
spect, there is this to be said for surveying with 

a bulldozer, settlement and alignment troubles 
were avoided that probably would have incurred by 
being more economical in earthmoving. About the 
time all the sills were placed on line and elevation, 
and when the erection of frames was half completed, 
a crack several hundred feet long appeared just 

off the edge of the ties on the high fill across 
ravine No. 2. There was 15 ft of shoulder beyond 
the tie ends and it was decided to take a chance on 
this crack and try to keep water out of it. It has 
given no further trouble and seems to have healed. 
After one year’s operation, there are two points at 
which the frames could be realigned, vertically, 
but the belt is training well and nothing will be done 
except cross leveling until it shows signs of wanting 
to get out of line. 

The capacity of the belt to haul water uphill is 
somewhat astonishing. The belt is paralleled by a 
grip strut walkway for use by inspection and main- 
tenance people. 

The structure at the upper terminal of the main 
belt houses the control panel and the drive and sup- 
ports a fixed stacker 65 ft long which can swing 
through an arc of about 240 ft. The substation and 
starters are housed in a separate structure im- 
mediately adjacent. 

The original disposal plan anticipated using the 
fixed stacker and bulldozer to make a circular fill, 
150 ft diam as the first step. On this a circular 
track would be placed, movable stacker erected, 
and a circular fill 300 ft in diameter enlarged. 


There then would be enough room to set up the 
trailing conveyor behind the movable stacker and 
start moving across the valley, making a fill 200 
ft wide. 

This plan was impossible to execute because the 
refuse would not stack. It contained a great deal of 
wet fine coal and excessive water from belt-cleaning 
sprays in the plant. On being dumped, this stuff had 
no observable angle of repose and flowed merrily 
down the hillside threatening to create a stream 
pollution problem and eventually engulf the railroad. 
As soon as could be, means were provided in the 
plant to recover the coal fines as a steam grade 
coal and the belt spray water was sent elsewhere. 
After this, the refuse began to act like a granular 
solid instead of a liquid. In the four months re- 
quired to coarsen and dry up the refuse in the plant, 
the berm was extended a little by allowing successive 
small heaps of refuse to drain for several weeks 
and then spreading them with a bulldozer. 

Instead of creating a fill across the valley, we are 
now heading westwardly and edging our way off the 
ridge. We think we are now out of trouble and will 
soon have a respectable dumping height. On Nov. 1, 
1959, 350 ft of trailing conveyor was being used and 
250 ft was in reserve. 

Perhaps we have much to learn yet, but we like 
the performance of the machinery thus far, particu- 
larly that of the 35° idlers. The turnover feature on 
the main belt and trailing belt is extremely valuable 
in handling muck such as we have. We had no 
troubles the first winter from freezing. With all 
equipment now in service, the coming winter (1960) 
will be a better test. 

To conclude this report, I think we were success- 
ful in creating an economical and reliable coal and 
refuse handling system. With the benefit of hind- 
sight, we would make some changes but these would 
be mostly in the nature of fielder’s choices and per- 
haps be no better than what we have. In construction 
and operation, the system is a credit to manage- 
ment and the many engineers anonymous who con- 
tributed to its creation. 
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MAXIMIZING THE PROFIT OF A COAL PREPARATION 
PLANT BY LINEAR PROGRAMMING 


Production of a coal preparation plant is governed by many restrictions, 
such as the tonnage of different products and blends that can be sold within 
a given period, capacities and output proportions of the cleaning and sizing 
units, blending proportions, quality specifications, and costs and prices for 
the various products. Determination of the tonnage of each product and 
blend that should be made in order to obtain the maximum profit can be dif- 


ficult unless a systematic method such as linear programming is used. In 
this paper the basic method of linear programming is described briefly. 
The Old Ben No. 9 preparation plant is used as an example to illustrate in 
detail how equations can be written to form a linear programming model of 
a coal preparation plant. Three sample problems, each requiring 56 or 
more equations and 63 structural variables, weve solved with an IBM 650 


computer. 


inear programming is one of several mathemat- 
pers tools used for operations research. It has 
been applied to many fields and has been used by a 
number of industries either to maximize the profits 
of certain operations or to minimize costs. P. B. 
Nalle and L. W. Weeks’ have described the use of 
the method by the Riverside Cement Co. to mini- 
mize the cost of blending raw materials to make 
portland cement. Their problem is to obtain at 
minimum cost a mix with certain specifications 
from a number of possible materials which have 
various costs and various amounts of CaO, SiOz, 
Fe2Os, and other constituents. 

In a paper on the use of linear programming by the 
National Coal Board in England, K. B. Williams and 
K. B. Halley” describe how the transportation 
method, a variation of linear programming, is used 
to minimize the cost of sending 37 grades of coal 
from 28 mines to seven central washing plants 
which produce coal for furnace coke and foundry 
coke. The various coals have different percentages 
of volatile matter, moisture, sulfur, ash, and 
phosphorous, so there is considerable choice in 
how they can be blended to meet the specifications 
of the two products. 

The purpose of this paper is to show how linear 
programming can be used to maximize the profits 
of a coal washing plant which produces individual 
final products as well as blends. The Old Ben Corp. 
furnished assumed sample data from their Old Ben 
Mine No. 9 preparation plant for this investigation. 


FRED D. WRIGHT is Professor of Mining Engineering, 
University of Illinois, Urbana, III., TP 61F16. Manuscript, 
Oct. 13, 1960. St. Louis Meeting, February 1961. Dis- 
cussion of this paper, submitted in duplicate prior to July 1, 
1962, will appear in AIME Transactions (Mining), 1962, vol. 
DIB: 
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However, the data that have been used are entirely 
the author’s responsibility. 


METHOD OF LINEAR PROGRAMMING 


Numerous articles and books have been written on 
the theory and applications of linear programming.*° 
However, since the method has not been widely 
applied by the mining industry, a brief, nontheo- 
retical discussion of its basic method seems to be 
in order. 

Linear programming (Table I) is used to deter- 
mine the best possible solution to a number of inter- 
dependent activities. It is essentially a method for 
making systematic selections from a number of 
possible solutions to determine positively the opti- 
mum solution. There may be other equally good 
solutions but no better ones. Each activity must 
have linear coefficients and there must be a crite- 
rion to judge how good the solution actually is. 
Linear programming is different from the solution 


Table |. Definitions 


Linear Programming: Linear programming is the problem of finding a 
maximum (or minimum) of a linear function, subject to linear side 
conditions and to the requirement that the variables should be non- 
negative.° 


Structural Variable: In this paper a structural variable represents the 
number of tons of a particular coal. Thus the variable X,, repre- 
sents the number of tons of product 19 (1 x3/8-in coal), 


Slack Variable: A variable added or subtracted from an inequality to 
transform the inequality to an equality. 


Artificial Variable: A variable added to an equality as a convenience 
to pemnit starting the solution of the problem with a null hypothesis. 
An artificial variable is assigned a large negative profit coefficient 
to insure it will be eliminated in the final solution. 


of simultaneous equations in that there are always 
more unknowns than there are equations, and 
negative solutions are not allowed. 

As an illustration of the basic method, let us take 
a Simple example and solve it by linear program- 
ming even though its solution is obvious. 

A company can produce up to 1000 tons of coal A 
per week and up to 500 tons of coal B. Coal A can 
be sold directly or in a blend with coal B. Coal B 
can only be sold when blended with coal A. The 
problem is to find the solution that will yield the 
maximum profit per week. The additional data 
necessary for solution of the problem are as 
follows: 


Coal A Coal B Blend 
Cost of production per ton $3.50 $3.00 - 
Selling price per ton $3.75 - $3.35 
Blending proportions 25 pet 75 pet 

or more or less 


The profit for coal B will be $0.35 per ton when 
sold in the blend. The unit profit for coal A is 
$0.25 when sold directly and -$0.15 when sold in 
the blend. Let us designate coal A as X; when sold 
directly and X2 when in the blend. If we let the 
capital letters stand for the number of tons of each 
product, the production restrictions on A and B can 
then be written as follows: 


A = Xi+X2 < 1000 tons 
B = X3 < 500 tons. 

The restriction on the blend is: 
1/3 X3 < Xe; or, 1/3 X3 — X2 < 0. 


In other words, one third the number of tons of 
X; (coal B) minus the number of tons of Xz must 
equal or be less than zero. The variables in the 
above inequalities are called structural variables 
to distinguish them from slack variables. Slack 
variables are used to change the inequalities into 
equalities: 

X,+X_ +X, = 1000 [ 
+ = 500 [2] 

The slack variables X, and X; are the amounts of 
coals A and B that are not produced, and X, is the 
amount of coal A over 25 pct that is used in the 
blend. We now have three equations and six un- 
knowns, so an infinite number of solutions are 
possible. To determine the best solution we use as 
a criterion the profit which we wish to maximize. It 
can be written 


0.25X, — 0.15 + 0.35X5 + OX, + OX; 


1 


+ OX, = profit. [4] 


The coefficients of the variables in the profit 
equation are called the c,’s and represent the profit 
per ton for each variable. To the foregoing four 


equations we must also add the following restric- 
tions: 


X1 20; X, 20; X; > 0; X, X; >0; and X, > 0. 


These merely state the practical fact that we cannot 
produce negative amounts of coal. 

The first step in solving a linear programming 
problem by the simplex method is to assume the null 
case. That is, we assume we are producing only the 
Slack variables, so the quantities on the right side 
of the equations refer to the amounts of X,, X,, and 
X.¢, that are being produced. In other words, the 
variables X4, Xs, and X, are in the basis and have 
values of 1000, 500, and 0 respectively. The vari- 
ables Xi, X2, and X3 are not in the basis and have 
values of zero tons. 

Eqs. 1 through 4 can be written in matrix form as 
shown in tableau 1 of Table II. The c;’s, the coeffi- 
cients of the profit function, are shown along the top 
row and the c,’s of the variables that are in the 
basis are also given in the first column on the left. 
The second column, labelled Basis Vector, shows 
the variables that are in the basis. The third column 
gives the values on the right hand side of Eqs. 1 
through 4; and the remaining columns give the co- 
efficients of the variables in the equations. The 
bottom row, or %; — C; row, is called the objective 
row. In this particular case, it can be seen that it 
corresponds to the top c; row with signs reversed. 
In the general case, where the original basis vari- 
ables may have values other than zero, the value in 
each column should be calculated by multiplying 
each coefficient in the column by the c; value on its 
left; adding the results; and then subtracting the C; 
value at the top of the column. Thus for column X3 


the z; — c; value (tableau 1) is equal to: 


0x0+1x0+1/3 x0 — (+0.35) = 0.35. 

Each value in the z; — c; or objective row repre- 
sents the profit per ton for not making that partic- 
ular product. By not making X; (coal B) we are 
losing 35¢ per ton, so we can make the biggest im- 
provement by introducing X3 into the basis. Further- 
more, we want to make as much of X;3 as is feasible. 
Eq. 2, row Xs, shows that we could introduce up to 
500 tons of X3 without forcing a negative value for 
Xs but Eq. 3, row X,, limits us to zero tons of X3 
because if Xz and X. are zero then X3 must be zero. 
Thus we introduce X3 in the place of Xs. We do this 
by solving row Xz (Eq. 3) for X3 and then substituting 
the new value of X3 in the other equations. From 
row X¢: 


X3 = 3X2 — 
Substituting this new value of X; in row X; we find: 


1(3X..— 3X,) +X, = 500 
or 
3X2 + 3X, = 500. 


Similarly, the objective row is transformed as 
follows: 
~—0.25X, + 0.15X_ — 0.35(3X2 — + OX, + OX, 


+ 0X, =0 
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Table II. Solution of Sample Problem in Matrix Form 


+0.25 -0.15 +0.35 0 0 J 
cj Basis Vector Feasible Solution xX) Xo X3 X4 Xs 6 
0 x 1000 1 1 0 1 0 0 Tableau 
4 
0 Xe 500 0 0 1 0 1 0 1 
0 x. 0 0 = 1/3 0 0 1 
zj-¢; 0 0,25 0.15 —0.35 0 0 0 
4 1000 1 1 0 1 0 0 
500 0 +3 0 0 1 Tableau 
0.35 ie 0 0 =3 1 0 0 3 2 
zj—¢; 0 —0,25 —0.90 0 0 0 1.05 
0 833 1/3 1 0 0 1 1/3 1 
—0.15 166 2/3 0 1 0 0 Tableau 
0.35 be 500 0 0 1 0 1 0 3 
zj— ej 150.0 —0,25 0 0 0 0.30 0.15 
0.25 ys 833 1/3 1 0 0 1 =1/3 1 
~0.15 166 2/3 0 1 0 0 Tableau 
0.35 ve 500 0 0 1 0 1 0 4 
zj—e; 358 1/3 0 0 0 0.25 0.65/3 0.40 
or As shown on the flowsheet, the entire output enters 


—0.25X1 — 0.90X2 + OX; + OX, + OX; + 1.05X_ = 0. 


These results are shown in matrix form in Tab- 
leau 2, Table II. 

It should be noted that the values in the objective 
row can also be computed by multiplying each coef- 
ficient in a particular column by the c; value on its 
left; adding the results; and subtracting the Cj value 
at the top of the column. 

Two more iterations are necessary to arrive at 
the final answer shown in tableau 4. All the values 
in the objective row are now plus values which 
shows that no additional profit can be made by mak- 
ing some other product or variable. The second 
and third columns show that the maximum profit 
can be made by selling 833 1/3 tons of Xi, 166 2/3 
tons of X2, and 500 tons of X3. The profit will then 
be $358 1/3 per week. 

The foregoing method for solving linear pro- 
gramming equations is similar to the solution of 
simultaneous equations with the exception that only 
the basis variable in each equation has a value 
other than zero. 

Relatively complicated problems can be solved in 
the above manner by hand—especially if short-cut 
formulas or algorithms*~ are used to transform 
the matrices from one tableau to the next. However, 
when there are many equations, the time required 
to solve a problem and the chance for error be- 
comes so great that electronic computers must be 
used. 


OLD BEN NO. 9 PREPARATION PLANT 


The Old Ben No. 9 preparation plant produces a 
number of different sizes and qualities of coal plus 
a number of different blends. The type of operation, 
its cost per ton, and the percentage of products pro- 
duced by each operation are shown on the flowsheet 
(Fig. 1). Basic assumptions are an average daily 
production of 10,400 tons and a direct mining cost of 
$3.00 per ton. 
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the plant and is screened on 7 and 3 1/2-in. screens 
(Fig. 1). The +7-in. coal is crushed and rescreened. 
The assumed direct costs for these operations are 
2.4¢ per ton for the 7X3 1/2 (-7 in. and +3 1/2 in.) 
coal and 1.1¢ per ton for the 3 1/20 (-3 1/2 in.) 
coal. Average output is 15 pct of 7x3 1/2 coal and 
85 pct of 3 1/20 coal. 

The 7X3 1/2 coal goes to a heavy media plant at 
K which averages 40 pct sink and 60 pct float at an 
assumed direct cost of 15.2¢ per ton. 

The 3 1/2X0 coal is screened on a 3/8-in. screen 
at F. All the 3 1/2X3/8 coal is sent to jigs atJ. The 
3/8X0 product can be sold as a final product, or can 
be blended with other coals, or can be screened at 
G on a 1/8-in. screen. 

The rest of the operation can be followed readily 
enough on the flow sheet. However, it should be 
mentioned that the crusher and screens at P and Q 
are identical except that the top screen and crusher 
settings are changed. 


LINEAR PROGRAMMING MODEL 


The Problem: To show how linear programming can 
be used to maximize profits, three problems have 
been solved. For the first problem, called run No. 
I, the assumed maximum amounts of the final single 
products that can be sold during a period of ten 
operating days are shown in Table III. For example, 
up to 500 tons of 3 1/2X2-in. coal, product 5, can 
be sold at $6.50 per ton and an additional 2000 tons 
of 3 1/2X2 coal, product 4, can be sold at $5.00 per 
ton. Up to 2000 tons of 3/80 coal, product 10, can 
be sold at $2.50 per ton, and an unlimited amount of 
3/8 X0 coal, product 11, can be sold at $2.30 per ton. 
Also a maximum of 15,000 tons of 1/8X0 coal, prod- 
uct 13, can be sold at $2.20 per ton. However, a 
contract has already been made to supply 7500 tons 
of this product, so at least 7500 tons must be made. 
Table IV gives the size, the percentages of each 
constituent, the maximum sales potential, and the 
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assumed selling price for each blend. A further 
restriction on blend 32 is that it must not contain 
over 10 pct ash. 

Simplified Flowsheet: The first step in preparing to 
write equations to represent the conditions of run I 
is to simplify the flowsheet. Inasmuch as the pur- 
pose of linear programming is to select the best 
combination of choices, a simplified flowsheet will 
show only those places where there is some choice 
in what can be done. For this problem, however, the 
flowsheet of the jig circuit at I (Fig. 1) was modified 
first. In Fig. 1 it is seen that three products enter 
the jigs and that the clean coal product is then 


—Flowsheet for the coal washing plant at Old Ben No. 9 mine, 
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screened to five different sizes, namely, 3 i222 
2x1 1/2, 1 1/2x3/4, 3/4X 3/8, and 3/80. Since 
the 1/8X0 coal from L and the 3/8X1/8 coal from 
H that are fed to the jigs could not possibly produce 
the larger sizes of clean jig product, the flowsheet 
for the jig circuit was modified as shown in Fig. 2, 
and the percentage recoveries for the screen prod- 
ucts atJ were recalculated accordingly. This was 
done for convenience in preparing a logical, simpli- 
fied flowsheet and does not imply that there actually 
should be two separate jig circuits. 

The simplified flowsheet (Fig. 3) was then pre- 
pared: the flow of each product on the first two 
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Table III. Final Single Products for Sale 


Assumed 
Product* Maximum Sales Selling Price, 
No. Size, In. Potential, Tons $ per Ton 
1 11/2x1/8 - 4.50 
3 WYP? 10,000 7.00 
4 3.1/2x2 2,000 5.00 
5 31/2x2 500 6.50 
6 2x1 1/2 200 6.50 
1 1/2x3/4 2,000 6.00 
8,22 3/4x 3/8 30,000 7.00 
10 3/8x0 2,000 2250) 
11 3/8 x0 2.30 
12,20, 23 3/8 x 1/8 15,000 7.00 
13 1/8 x0 15,000 (7,500 committed) 2.20 
16 3/8 x 28 mesh — 2.20 
18 11/2x0 10,000 4,00 
19 1x 3/8 5.75 
*See Fig. 3. 


flowsheets was followed untilan end point was reached 
or until a point was reached where there was some 
choice in what could be done. These points are all 


shown on the top line of the simplified flowsheet (Fig. 


3). For example, the initial 7x31/2 coal (Fig. 1) all 
goes to K; all the sink product from K goes to L; and 
all the 1 1/2X1/8 product from L goes to M. How- 
ever, the float product from Mcan either be sold as a 
final productor be sent to Por Q. Thus the first prod- 
uct shown on the leftof the top line of the simplified 
flowsheet (Fig. 3) is the 1 1/2X1/8 float product 
from M, and the percentage of recovery of this 
product in terms of the original input is 3.2 pct. The 
capital letter M above the line indicates the position 
of this product in Figs. 1 or 2. 

The next product on the top line of the simplified 
flowsheet is the 1 1/2X1/8 sink product from the 
heavy media separator at M. This is a reject prod- 
uct and its percentage in terms of the original input 
is 1.6 pct. The remainder of the flowsheet is con- 
structed in a similar manner. 

All final products and reject products are num- 
bered, whereas intermediate products are lettered. 
Small letters indicate a single intermediate product 
and capital letters indicate a place where mixing 
occurs. These capital letters have no relation to the 
letters in Figs. 1 and 2, nor to the letters above the 
top line of Fig. 3. 
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Fig. 2—Modified flowsheet for jig circuit. 


Intermediate products b, c, e, and g, are combined 
at A and flow to the crusher together. Similarly 
intermediate product B represents a point where 
the 1 1/2X0 product from the crusher joins inter- 
mediate product a; and intermediate product C rep- 
resents the merging of o andn. Intermediate prod- 
uct D is a bin where the 3/4X3/8 coals j and x are 
mixed, and £ is a bin holding the 3/81/8 coals 
ang 

The flow of intermediate products to the final 
blends is shown on the flowsheet for blends (Fig. 4). 
As can be seen, intermediate products 7, w, andz 
are only used in blend 32, whereas intermediate 
products d and f can be used in blends 32, 25, and 
26. The percentage of each intermediate product 
required in each blend is given in Table IV. 

The flowsheets and Tables III and IV show that 
the preparation plant can make 34 different final 
products, including rejects and coals such as the 
3 1/2X2 coal which can be sold at different prices 
(products 4 and 5). 


We are now ready to write the equations which will 
comprise our linear programming model. 
Capacity Restrictions and Material Balance Equa- 
tions: The first capacity restriction expresses the 
relationship along the top line of the simplified flow- 
sheet (Fig. 3); namely, that the input capacity must 
be equal or greater than the sum of the products 
below the line. Since the maximum input for ten 
operating days is 104,000 tons, this equation is: 


Table IV. Blends for Sale 


Maximum Sales Assumed Selling 


Product* No. Size, In. Percentages of Blending Products and Their Sizes Potential, Tons Price, $ per Ton 
25 Sal Zeal 75 pet d (3 1/22) + 25 pet f (2x1 1/2) 500 5.00 
26 31/2 x 3/4 48 pct d (3 1/2x2) + 16 pct f (2x1 1/2) + 36 pet A (1 1/2x3/4) 500 5.00 
27 11/2x 28 mesh 25 pet h (1 1/2x3/4) + 50 pct D (3/4x3/8) + 25 pct s (3/8 x 28) 1000 4.00 
28 a3 70 pet h (1 1/2x3/4) + 30 pet D (3/4x 3/8) 6000 5.00 
29 exes 70 pet t¢ (1x3/8) + 30 pet E (3/8x1/8) 25,000 5.00 
30 1 x 28 mesh 65 pet t (1x 3/8) + 35 pet s (3/8 x 28) 500 4.00 
31 3/4 x 1/8 85 pet D(3/4x3/8) + 15 pet E (3/8 x1/8) 20,000 7.00 
32 Utility 50 pet or more of h, f, d (large sizes) + r, w, z (1/8x0) 30,000 (Committed) 3.00 
33 1x0 60 pet ¢ (1x3/8) + 40 pct u (3/8 x0) 10,000 4.50 
34 3/8 x 0 66.7 pet EF (3/8x1/8) + 33.3 pet m (3/8x0) 5,000 (Committed) 3.50 


*See Fig. 4. 
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Fig. 3—Simplified flowsheet for linear programming. 


104,000 > X,+ Xa 
Xe t X; 


This equation is written as an inequality because it 
is possible that the maximum profit could be ob- 
tained with less than a ten-day operating run. 

The unit profit for each numbered product can be 
calculated from the direct cost of production and the 
selling price. However, for an intermediate product 
such as d this cannot be done because d can be used 
in three different blends (Fig. 4) that have different 
selling prices. The next step then is to solve each 
intermediate product in terms of final products or 
of principal intermediate products shown in capital 
letters. Thus all of a goes to B (Fig. 3); and all of 
b, c, e, andg go toA. Therefore: 

Xq =Xaqps Xp = Xe = Xe = Xe 
However, d can be used in blends 25, 26, and 32, so: 


Xq =X + X dog + X 


INTERMEDIATE PRODUCTS | 

w d f h D (= t u m 

BLENDED PRODUCTS 


Fig. 4—Flowsheet for blends. 


Table V. Costs and Profits of Intermediate and Final Products 


Product Product 
Desig- Cost, $ Profit, $ Desig- Cost, $ Profit, $ 
nation per Ton per Ton nation per Ton per lon 
bA 3.176 — 3.176 20 0.028 6.972 
cA 3.104 — 3.104 2A 0.103 —0.103 
eA 3.104 —3.104 22 0.027 6.973 
gA 3.104 — 3.104 23 0.028 6.972 
aB 3.358 — 3.358 24 0.103 — 0.103 
AB 0.002 — 0.002 d 25 3,129 1.871 
oC 3.143 — 3.143 f 25 3.129 1.871 
nC 3.206 — 3.206 d 26 3,129 1,871 
x D 0.002 — 0.002 f 26 3.129 1,871 
JL 3.104 —3.104 h 26 3.129 1.871 
vE 0.003 — 0.003 h 27 3.129 0.871 
vy E 0.003 — 0.003 D 27 0.025 3.975 
3.143 — 3.143 0.107 3.893 
1 3.383 sulply/ h 28 3.129 1.871 
2 3.458 — 3.458 D 28 0.025 4.975 
3 295, 3.742 t 29 0.027 4.973 
4 3.129 1.871 E 29 0.025 4.975 
5 3.129 Syoyl s 30 0.107 3,893 
6 3.129 seyAl t 30 0.027 3.973 
7 3.129 2.871 D 31 0.025 6.975 
8 3.129 3.871 E 31 0.025 6.975 
9 3.203 —3,.203 d 32 3.129 —0.129 
10 3.048 — 0.548 3.129 —0,129 
11 3.048 — 0.748 (ey? 3.129 —0.129 
12 3.168 3.832 r 32 3.082 — 0.082 
13 3.082 — 0.882 w 32 0.028 2.972 
14 3.157 — 3.157 14 ey) 0.028 2.972 
15 0.180 — 0.180 t 33 0.027 4.473 
16 0.107 2.093 u 33 0.027 4,473 
17 0.182 — 0.182 m 34 3.048 0.452 
18 0.027 3.973 E 34 0.025 3.475 
19 0.027 5.723 
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In other words, the total tonnage of d equals the tons 
of din blend 25, plus the tons of din 26, plus the tons 
of din 32. 

After all the intermediate products with small 
letters were solved in terms of final numbered 
products and principal intermediate products, it 
was found that there were 63 structural variables. 
These are listed in Table V. 

The input equation can now be rewritten in terms 
of final and principal intermediate products: 


+X, +X, +X, t XoA + 


The material balance equation at the crusher is 
written: 


Xpa tXga = Xie +Xap- 


Rewriting it in a form suitable for linear program- 
ming, we obtain: 


XigtXap- - XoA Xe XgA <0. [6] 


The remaining four material balance equations 
that must be written are: 


SAR = 0 [7] 


If any of the production units in the plant might be 
bottlenecks, then capacity restrictions for these 
units would have to be written in the same manner 
as Eq. 5. For example, if the crusher at N (Fig. 1) 
could crush only 2000 tons in ten days, then the 
following equation should be added (see also Fig. 3): 


Xap < 2000. 


Analysis of the flowsheets will show that there is 
actually considerable choice in preparing the simpli- 
fied flowsheet. For example, intermediate product 
E (Fig. 3) could be omitted. This would eliminate 
Eq. 10 and the variables vE, yE, pE, E29, E31, and 
E34, but new variables v29, v31, v34, y29, y31, y34, 
p29, p31, and p34 would have to replace them. 
Actually, all principal intermediate products could 
be eliminated but this would greatly increase the 
number of variables in the model. 

Some of the structural variables representing 
reject products, such as products 2 and 9, could be 
eliminated from the model by recalculating output 
proportions and costs. Also some of the other final 
products can be eliminated if it is certain that they 
will not be made or that the maximum possible 
amount of such a product will be made. For ex- 
ample, product 3 has a high enough price to assure 
its production, and, if it has no sales restriction, 
it could be omitted from the model by assuming its 
production and recalculating output proportions and 
costs accordingly. 
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In general it is worthwhile to eliminate as many 
equations and variables as possible as long as the 
flexibility of the model is not sacrificed. Product 
14 (reject) was added to the simplified flowsheet 
merely for the sake of flexibility, because the total 
amount of product 13 (1/80) plus intermediate 
product 7 (1/80) is limited by sales restrictions, 
and it is conceivable that it could pay to throw away 
some of the 1/80 coal in order to make more of 
some other product. 

Sales Restrictions: The method for writing equa- 
tions representing most of the sales restrictions 
that are shown in Tables III and IV has been de- 
scribed for the sample problem. For example, the 
sales restriction for product 4 would be written: 


X, < 2000. 
Similarly, the restriction on product 3 is written: 
X, < 10,000. 


However, a little calculation will show that 10,000 
tons of product 3 could not possibly be made in ten 
operating days. Thus this equation can be left out 
of run I because it is not a true restriction. 

In the case of product 34 (Table IV), 5000 tons 
has been committed. This amount must be made and 
only this amount can be sold. In order to assure that 
our final solution will show this amount being made, 
this equation must be written as an equality: 


However, as previously mentioned, the simplex 
method for solving linear programming problems 
assumes the null hypothesis at the start. We as- 
sume we are making only the slack variables 
assigned to each equation and zero amounts of the 
structural variables. But zero ton of £34 plus zero 
tons of m34 cannot equal 5000 tons. We get around 
this dilemma by assigning a —M value to the slack 
variable that must be associated with the equation 
and call it an artificial variable. The letter M@ 
stands for a very large number, so —M represents 
a tremendous loss if we make it. The equation is 
written in the same manner as the other sales re- 
striction equations. Including its artificial variable 
X"y the equation is: 


X + + X'y = 5000. 


In the profit function however, the coefficient of 
the artificial variable X+y will be —M, whereas the 
coefficients of the slack variables will be zero. 
Thus the first tableau will show a large loss and 
subsequent tableaux will not show a profit until all 
artificial variables have been eliminated from the 
basis. 

Product 13 presents an additional problem. We 
can sell up to 15,000 tons of 13 but we must pro- 
duce at least 7500 tons. To express these conditions 
we use two equations. The first presents no 
problem: 

X13 < 15,000 
because we can add a slack variable with zero 
profit. However, the equation for the second con- 
dition is: 


X,, > 7500. 


This again can be written as an equality by sub- 
tracting a slack variable which we can label X’y. 
Then: 


X X = 7500. 


Since we start with zero tons of 13, the —X*y, 
must equal 7500 tons. However, this is not allowed 
because one of the original restrictions in the sim- 
plex method is that negative amounts cannot be 
made. So we now have to add an artificial variable 
which we can call X*y. The equation is now written: 


X,, X'w + = 7500. 


In the first tableau, X"y will be in the basis and we 
will be making zero tons of 13 and of Xj. The slack 
variable X"y represents the amount of product 13 
that we may make in excess of 7500 tons. 

A total of 20 equations are necessary to represent 
all the sales restrictions for run I. 
Output and Blend Proportions: A couple of examples 
should suffice to show how the output and blend 
proportion equations are written. For the first ex- 
ample let us take the output of the screens shown at 
the lower center section of the simplified flowsheet 
(Fig. 3). These screens produce 55 pct of 3/4X3/8 
coal, 23 pct of 3/8x1/8, and 22 pct of 1/8x0. Two 
and only two equations must be written to represent 
these proportions. The 3/8X1/8 product is made up 
of products yE and 23. To show that 23 pct of the 
3/8X1/8 coal must be made, we write the equation: 


3.35 Xyp + 3.35 X,, Xyp Xo. 
= 0. 
The coefficient 3.35 for products yE and 23 was 
calculated as follows: 


100 — pct of (yE +23) _ 77 


= 
pet of (yE + 23) : 


Coefficient = = 93 

For the second equation we could take either the 
3/4X 3/8 coal or the 1/80 coal. If we take the 
1/8X0 coal the equation is: 


3.55 X + 3.55 Xyp — 


Both of the equations are equalities, so artificial 
variables having a profit of -M must be used with 
them. 

The blending proportions for product 32 are not 
as restrictive because we can use 50 pct or more 
of intermediate products h, f, or d. Only one equa- 
tion is necessary to represent this: 


Xy32 + + — X S 0. 


A total of 29 equations are necessary to represent 
all the output proportions and blending proportions. 
Nine of these equations are used to represent the top 
line of the simplified flowsheet (Fig. 3). 

Quality Specifications: Only product 32 in this prob- 
lem has a quality specification that might be re- 
strictive. A maximum of 10 pct ash is allowable in 


this product. 


Table VI. Ash Content of Each Ingredient in Blend 32 


Ingredient Pct Ash 
13 
w 32 
d 32 8.0 
h 32 8.0 
32 8.0 


The ash content of each ingredient in product 32 
is given in Table VI. The equation to represent this 
restriction is: 


+ 8.0 + = 


+ + Xz + Xase + Xp + 


2 
or: 


— 2.0 < 0. 


The slack variable that must be associated with 
this equation will indicate the percentage of ash less 
than 10 pct. Its dimensions are tons times percent- 
age of ash. 

The ash content of the other products has not 
been shown because they meet specifications. How- 
ever, if there were other quality specifications such 
as ash content, moisture content, etc., that might be 
restrictive, the equations would be written as shown 
for product 32. If specifications called for a mini- 
mum of some ingredient such as carbon content, 
both a slack and an artificial variable would be used 
as was done for the sales restriction of product 13. 

Size specifications for a blend would also be 
written similarly if there were a restriction on the 
amount of a particular size of coal in the blend, and 
the coals that could be mixed in the blend contained 
different percentages of this size. 

Unit Costs, Unit Profits, and the Profit Equation: In 
calculating the unit cost for each operation, certain 
facts must be kept in mind. In the first place, all 
costs must be linear. In other words, if it costs 8¢ 
to air clean one ton of coal, it must cost 16¢ to air- 
clean two tons of coal. Only direct costs thus can be 
included. Indirect and fixed costs such as amortiza- 
tion, general supervision, and so forth will go on re- 
gardless of whether 100 tons of product X or 100 
tons of product Y are made. These costs eventually 
have to be subtracted from income but they should 
not be distributed to the individual operations ina 
linear programming problem. They will decrease 
the maximum profit that is calculated by solving the 
linear programming equations, but they will not. 
change the amounts and types of the products that 
must be made to obtain the maximum profit. 

For our problem the assumed direct cost per ton 
for each operation is shown on the first two flow- 
sheets (Fig. 1 and 2). Determination of the total 
cost per ton of a.variable is merely a matter of 
adding the cost per ton for each operation that it 
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has undergone. The unit profit is then the unit 
selling price minus the unit cost. In addition to the 
costs on the flowsheets, an assumed cost of 10¢ per 
ton was added to the cost of the rejects to pay for 
disposal, and an assumed cost of 2.5¢ per ton was 
added to the cost of each product that is sold to pay 
for loading the coal into railroad cars. No additional 
charge was made for blending because the coals are 
blended directly into the cars and this does not add 
to the cost. If there were a cost for blending, this, 
of course, would be added to the cost of each blend 
variable. 

Product 3 is an exception to the foregoing because 
it is loaded at another point in the plant. This takes 
extra men and its assumed loading cost is 5.7¢ per 
ton instead of 2.5¢ per ton. The unit cost and profit 
for each variable is given in Table V. 

It will be noted that principal intermediate prod- 
ucts as well as the variables representing final 
products have costs and net profits. For example, 
product aB (Table V) has a cost of $3.358 per ton. 
This was obtained as follows: 


Mining cost (Fig. 1) $3.000 
Initial crushing and screening (Fig. 1) .....seeeeeeeeeceeree 0.024 
Heavy media separation (at K, Fig. 1).........seeeeeeeeeeee 0.152 
Crushing and screening (at L, Fig. 1)......ceeeeeeeeeeceees 0.030 
Heavy media separation (at M, Fig. 1)...........eeeeeeeeeee 0.152 


Product aB is an intermediate product which is 
not sold; therefore its profit is —$3.358. 

Now follow down the flowsheet (Fig. 3) to product 
19. Its cost is only the 0.2¢ cost of screening at P 
(Fig. 1), plus the 2.5¢ cost of loading into cars. The 
assumed costs of mining, etc., have already been 
included in the principal intermediate products that 
form B,namely, aB and AB, and some of these prod- 
uets must be made in order to satisfy the material 
balance, Eq. 7, that we have already written. Since 
the selling price of product 19 is $5.75 (Table III); 
the profit for this variable is $5.723 per ton. The 
costs and net profits for all the other variables 
were determined in the same manner. 

The profit equation is merely the summation of 
each profit coefficient times its variable. Since 
there are 63 structural variables and 57 slack and 
artificial variables in the model, the total number 
of variables in the function is 120. 


COMPUTER PROGRAMS 


A linear programming problem with as many 
equations and structural variables as run I is much 
too large to solve by hand. Several programs have 
been written for various makes of digital computers 
to handle problems of this type but this problem is 
too large even for most of them. The program that 
was used to solve the problem was written for an 
IBM 650 computer by Dale Grosvenor under the 
direction of H. O. Hartley of Iowa State University. 
This program is exceptionally fine because of its 
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flexibility. Among other things, the effect of a 
change in the level of a variable, or the effect of a 
change in price can be determined. Its only dis- 
advantage is that it is written in a fixed decimal 
system rather than in floating point. Each number 
is written with ten digits and the decimal point is 
in the middle. If during the running of the problem 
a number greater than 99999.99999 appears in the 
computer, the machine overflows and stops. To 
prevent this the data have to be scaled, that is, 
rows or columns in the original matrix must be 
multiplied or divided by a constant to keep all 
numbers within certain limits. The answers from 
the computer must be adjusted accordingly. 

The advantage of a fixed point program is speed 
of computing so that less computer time is used. 
The disadvantage is that some accuracy is lost in 
the final answer because of round-off error in 
computing small decimal fractions and because of 
scaling. As a result the answers given by the com- 
puter must be adjusted to conform to the various 
material balances, output proportions, and other 
restrictions. In general, answers checked the equa- 
tions within a few percent. As would be expected, 
variables that had been scaled by large amounts 
were less accurate than variables which had not 
been scaled. 

Run I took about 2 1/2 hr of computer time. 


RESULTS 


The answers to the problem that has been dis- 
cussed so far are shown as run I, in Table VII. The 
total amount of each final product that should be 
made to obtain the maximum profit is shown on the 
left-hand side of the table. Product numbers that 
were omitted had zero values for all three runs. 
The amounts of intermediate products that should be 
made to obtain the final products are shown on the 
right. For example, 5000 tons of blend 34 is to be 
made. This is obtained by mixing 1667 tons of m34 
with 3333 tons of E34 (3/8x1/8). The intermediate 
product F (3/8X1/8) is obtained by making 908 tons 
of vE and 2425 tons of yE. 


The computer solution gave a value of 6571 for 
the slack variable of the equation expressing the 
quality specification for blend 32. When the above 
number is divided by the number of tons of blend 
32 that must be produced, viz., 30,000 tons, the 
answer is 0.219. This represents the give-away on 
the ash content of blend 32. The ash content of the 
blend will be 10 pct -0.219 or 9.781 pct. In other 
words it pays to make a blend which is better than 
necessary. Incidentally, this figure of 9.781 pct 
checks with the figure obtained by computing the 
ash content of the blend from the tons and per- 
centage ash of each ingredient. 

As mentioned previously, two other problems 
were solved on the computer, and the results of 
these are shown as run II and run III in Table VII. 

Run II was identical with run I except that the re- 
striction on product 32 was relaxed. Instead of re- 
quiring that exactly 30,000 tons of 32 be made, the 
restriction for run II stated that a maximum of 


Table VII. Production to Obtain Maximum Profit Under the Various Restrictions of Runs I, Il, and Il 


Final Products 


Production, Tons 


Intermediate Products 


Production, Tons 


Product 
Product No. Run | Run Il Run Ill Designation Run | Run Il Run Ill 
1 0 0 11,939 bA 

2 1,664 1,664 5,970 2 
3 9,360 9,360 10,000 ea 105 3,856 14,146 
4 et 0 2,000 cA 15,470 15,472 41,300 
: 500 500 500 ays 3,325 3,328 0 
: 200 200 AB 15,580 21,580 108,070 
2,000 2,000 2,000 ae 1,248 1,248 4,477 
8 11,752 11,752 23,360 G 2.275 2.274 1,563 
9 8.008 8.008 28,729 =D <0 13,699 
10 0 0 2,000 jD 0 18,800 
11 0 0 100,030 DE 908 0 11,056 
12 12,890 12,868 8,857 ve 2,425 5,730 2.777 
13 7,603 15,000 12,736 pE 0 
15 528 528 906 d 25 0 0 375 
16 2,636 2,635 4,518 f 25 0 0 125 
17 359 359 616 d 26 0 0 240 
18 0 0 10,000 f 26 0 0 80 
19 2,724 0 34,098 h 26 0 0 180 
20 0 0 6,143 D 28 0 0 1,800 
21 0 0 4,855 h 28 0 0 4,200 
yy 7,897 0 6,640 E 29 0 0 7,500 
23 878 0 0 t 29 0 0 17,500 
25 0 0 500 D 31 0 13,699 17,000 
26 0 0 500 E 31 0 2.414 3,000 
28 0 0 6,000 d 32 11,252 9,000 0 
29 0 0 25,000 f 32 3,748 0 0 
31 0 16,113 20,000 h 32 0 0 15,000 

32 30,000 18.011 30,000 r 32 10,933 3,531 ; 
33 0 0 10,000 w 32 908 12,344 
34 5,000 5,000 5,000 z 32 3,159 5,480 2 656 
t 33 0 0 6,000 
Total Tons 103,999 103,998 373,098 u 33 0 0 4,000 
E 34 3,333 3,333 3,333 
Profit $132,925.68 $148,751.18 $256,004.07 m 34 1,667 1,667 1,667 


30,000 tons of 32 could be sold. The profit for run I 
was $132,925.68 and the profit for run II was 
$148,751.18. These are not the true net profits for 
each run because a constant representing all the 
fixed charges must be subtracted from them. How- 
ever, the difference of almost $16,000 is significant 
and so are the differences in the amounts and types 
of products that should be made. It can be seen that 
a contract calling for delivery of 30,000 tons of 
blend 32 in ten days will entail a cut of $16,000 in 
the possible profit for the period. 

Run III was identical with run I in all respects 
except that the sales restrictions were assumed to 
apply to a period of 40 operating days instead of 
10 days. Table VII shows that the maximum profit 
can be obtained by producing 373,098 tons, which is 
almost the equivalent of 36 days of operations. Thus 
it would be worthwhile to shut down the plant for the 
remaining four days. 

The final matrices were also obtained for each 
run, but are not reproduced because of their size. 
However, there is a very definite advantage in ob- 
taining the final matrices because the effect of 
changes in the unit profit parameters or in the 


capacity parameters (the feasible solutions, Table II) 


can be determined. 
Since prices, and hence unit profits, are quite apt 


to change, it is worthwhile to know within what limits 
the price or unit profit of a product can change with- 


out affecting the optimum solution. To illustrate the 


method let us use tableau 4, Table II, as an example. 
All the values in the objective (z; -— c;) row have 
positive values because tableau 4 represents an 
optimum solution. As previously mentioned, the 
values in the objective row can be computed by 
multiplying each coefficient in a particular column 
by the cj value on its left; adding the results; and 
subtracting the value at the top of the column. Thus 
in tableau 4 the value in the objective row for 
column X, is: 


=1/3 *:0.25'=1/3 x 0:15 +1 x 0.35 — 0 = 0.65/3. 


The optimality of the program will not change if 
all values in the objective row remain positive, i.e., 
equal or greater than zero. Therefore, we can write 
this equation, without specifying particular unit 
profits, as follows: 


—1/3c, + — Cs 2 0. [11] 
Columns X, and X, can similarly be written: 

C420 [12] 

C1 — Ce 0. [13] 


This system o’ inequalities gives a set of neces- 
sary conditions, in terms of profits, for the given 
basis to be optimal. If any given set of profits sat- 
isfy all the above inequalities, our solution is still 
optimum. 

Now let us see what happens if one profit changes 
while the others remain constant. To find the effect 
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of a profit change for c,, let c, remain as a variable 
in the above equations and substitute actual profits 
for the other c;’s. Then, from Eq. 11 


—1/3¢e, — 0.15/3 + 0.35 - 0 >= 0 
or 

Cc, < 0.90 
From Eq. 12 

€,.-020 
or 

c120 
From Eq. 13 

c1+0.15 2.0 
or 

c; = —0.15. 


The controlling limitations are c; < 0.90 and 
c; = 0. Thus if other unit profits remain constant, 
the solution given in tableau IV will remain optimum 
as long as cy, the unit profit for variable X,, remains 
within the limits zero to 90¢ per ton. If more than 
one profit changes, the actual profits must be sub- 
stituted in Eqs. 11 through 13 to determine whether 
or not they satisfy the conditions. 

In the above manner the limitations on the unit 
profits of all the structural variables—whether in 
or out of the basis—in runs I, II, and III can be 
determined. 


CONCLUSIONS 


Successful solution of runs I, II, and III has 
shown that a linear programming model of a coal 
preparation plant can be constructed and solved. 
The principal assumptions are that direct costs are 
linear and that average output proportions of the 
various units of equipment can be determined for 
the given time period. 

Whether linear programming is worthwhile de- 
pends upon how much of a problem actually exists 
in choosing the products to be made. [If there is 
little choice, the problem solves itself, and linear 
programming is not worthwhile. In general it can be 
said that the most benefit from linear programming 
can be derived when restrictions can be made as 
relaxed as possible even if other restrictions must 
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be added. For example, most of the blend restric- 
tions in this problem are rigid. Exact percentages 
of each type of coal are specified. Far greater 
choice, and hence greater chance for additional 
profit, would be possible if blend specifications 
were changed to read: ‘‘not more than X percent of 
size A coal’’ or ‘‘not more than X percent and not 
less than Y percent of size B coal.’’ Additional 
quality specifications might have to be written for 
ash content, sulfur content, moisture content, or 
some other quality, but freedom of choice would 
still be much greater. For example, specifications 


limited blend 32 to only six ingredients and the ash 
content of this blend produced in runs I, II, and III 
was 9.78, 8.89, and 7.85 pct, respectively. This 
means that the maximum profit is made by selling a 
product that is better than necessary. However, if 
specifications merely called for 50 pct or more of 
coal over 3/4 in., and an ash content equal or less 
than 10 pct, a number of other ingredients including 
reject products could be used for blending. This 
might result in greater profit. In other words, the 
greater the possible choice, the greater the proba- 
bility of increased profit, and the greater the value 
of linear programming. If this fact is kept in 

mind, it is probable that a number of coal prepara- 
tion plants could benefit by the use of linear pro- 
gramming. 
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TUBE-FURNACE METHOD FOR RAPID 
DETERMINATION OF SULFUR IN COAL 


Several methods have been devised for vapid determination of sulfur in coal 
using a high-temperature combustion furnace. The fundamental principles of 
the various methods are similar but the techniques vary widely. The method 
described herein is no different in principle from some of its predecessors 
but varies considerably in technique. Originally devised to overcome the low- 
accuracy criticism leveled against the others, the tube-furnace method has 
proved successful for limited applications. Work is being done to widen the 


applicability of the technique. 


Qieeaet to the work of A. Vita? in 1920, a num- 
ber of investigators have published data dealing 
with the rapid determination of sulfur in coal using 
a high-temperature combustion furnace.?~> These, 
together with several unpublished methods, involve 
wide differences in technique although they are all 
similar in principle. Investigation of typical details 
of procedure showed that poor precision or accuracy 
could be attributed to one or more of the following: 
1) inadequate quantity of sample to be representa- 
tive, 2) a delivery tube temperature too low to con- 
fine condensation to a washable area of the tube, 3) 
no provision for back washing the delivery tube, 4) 
incomplete absorption of the sulfur compounds due 
to inadequate bubbler, and 5) the false assumption 
that all of the sulfur is evolved as sulfur dixoide. 

The method herein discussed is no different in 
principle from some of its predecessors; the differ- 
ences are in technique. Although the method is 
rapid—a determination can be completed in 5 min— 
accuracy has not been sacrificed in order to achieve 
speed. 


MATERIALS AND EXPERIMENTAL WORK 


Fig. 1 shows the arrangement of the equipment. 

A metered volume of oxygen is passed through cal- 
cium chloride for removal of moisture, then through 
Ascarite for removal of carbon dioxide, and thence 
through a glass tee to the feed end of the combustion 
tube. Connected to the side arm of the glass tee is 

a rubber tube that is closed with a pinch clamp dur- 
ing combustion of a sample. The products of com- 
bustion are expelled through a Vycor bubbler, the end 
of which is submerged 3 cm below the surface of a 
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by G. Dale Coe and George E. Keller 


1 pet hydrogen peroxide solution contained in a 300 
ml high-form beaker. At the completion of the 4- 
min combustion period the contents of the beaker 
are titrated to a yellow end point, using a methyl 
red indicator, with 0.05 N sodium hydroxide (or so- 
dium tetraborate). The pinch clamp on the tube 
leading from the tee in the oxygen line is then 
opened and mouth suction applied to draw the hydro- 
gen peroxide up into the bubbler past the ell, al- 
most to the rubber tube connecting the bubbler to 
the combustion tube. This washing of the bubbler 
is repeated until no further acid reaction with the 
indicator is obtained. The hydrogen peroxide-sul- 
furic acid solution is then titrated to the final yel- 
low end point. 

Test work conducted at the Robena Laboratory 
disclosed the following critical conditions that had 
important bearing on the precision of the method: 
Weight of Sample: Several series of tests wherein 
the sample weight ranged from 0.1 to 0.5 g of —60 
mesh coal showed that the lowest variance (stan- 
dard deviation squared) resulted from the use of 
0.5-g samples; the variance was slightly greater 
when 0.3-g samples were used, and with less than 
a 0.3-g sample weight the variance increased ra- 
pidly with decrease in weight. Although the use of 
a 0.5-g sample invariably resulted in a very slight 
explosion as soon as the sample entered the hot 
zone of the combustion tube, this did not detract 
from the precision of the method. 

Temperatures: Mott and Wilkinson? found that a 
combination of low temperature (1250°C) and low 
oxygen flow rate (less than 700 ml per min) tended 
to give high results due to formation of oxides of 
nitrogen. Although the method herein employs a 
much higher oxygen rate than 700 ml per min, as 
an additional precaution to assure accurate re- 
sults, 1315°C (2400° F) is recommended as the 
most desirable furnace temperature. 

The temperature of the elbow of the bubbler 
should be at least 75°C to minimize condensation 
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Fig. 2—Details of Vycor bubbler. 


and a possible loss of sulfur dioxide, sulfur tri- 
oxide, or both. When soft glass tubing was used for 
the bubbler, the elbow temperature could not ex- 
ceed about 35°C without trouble from breakage 
when the cool hydrogen peroxide was drawn up into 
the elbow. However, substitution of Vycor tubing 
for the soft glass enabled thorough washing of the 
inside of the bubbler and elbow at a temperature 

of 75°C without any trouble from breakage. Elbow 
temperature is controlled by the distance the end 
of the combustion tube projects beyond the face of 


94 


Fig, 1—Equipment ar- 
vangement for tube fur- 
nace method for the de- 
termination of sulfur in 
coal, 


CONTROL 


the furnace and by the oxygen flow rate; the greater 
the flow rate, the higher the temperature. With the 
furnace used at Robena, operating at 1315°C and at 
a rate of 3 to 3 1/2 1 of oxygen per min, the desired 
elbow temperature was attained when the discharge 
end of the combustion tube projected 7 in. beyond 
the face of the furnace. 

Bubbler: Fig. 2 shows the design of a bubbler that 
has proved entirely satisfactory. This is made of 

7 mm OD Vycor tubing with a 1 mm wall thickness. 
In the spherical discharge end are six equidistant 
holes 1 1/2 mm diam. The six-hole bubbler pro- 
vides much more complete contact of the expelled 
gases with the hydrogen peroxide solution than is 
possible with a simple open-end tube and produces 
much less back pressure than a coarse fritted 
glass gas dispersion tube. 

Standardization of Sodium Hydroxide: In standard- 
izing the 0.05 N sodium hydroxide against a stan- 
dard sulfuric acid solution, one must be sure that 
the normality of the standard acid was with refer- 
ence to a methyl red, rather than the more common 
methyl orange end point. 


ANALYTICAL PROCEDURE 


At the start and once or twice during the day’s 
run of sulfur determinations, it is advisable to ana- 
lyze a standard sample of known sulfur content to 
check the condition of the equipment. Hairline 
cracks may develop in the ceramic combustion 
tube that would permit loss of oxides of sulfur and 
result in an inaccurate determination. 

Prior to the insertion of the first sample to be a 
analyzed, the combustion tube should be purged for 
at least 5 min with purified oxygen at the standard 
flow rate of 3 to 3 1/2 1 per minute. At the end of 
the purging period about 100 ml of 1 pet hydrogen 
peroxide solution and six drops of 0.1 pct methyl red 
indicator are added to a 300 ml high-form beaker. 
With the oxygen still flowing through the combus- 
tion tube, the bubbler is attached and immersed to 
a depth of 3 cm in the peroxide solution. Inasmuch 
as the methyl red indicator was made by dissolving 
the crystalline substance in sodium hydroxide, the 
excess alkalinity, due to the addition of six drops 
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of indicator, must be neutralized by adding a few 
drops of dilute sulfuric acid to produce a distinct 
red color and titrating to a yellow end-point with 
the standard 0.05 N sodium hydroxide. Five sulfur 
determinations can be made before the hydrogen 
peroxide need be replaced with fresh solutions. 
Consequently, the addition of methyl red indicator 
and neutralization of the hydrogen peroxide is re- 
quired only once for each five determinations. With 
each successive determination the volume of solu- 
tion in the beaker becomes greater and, if the 
beaker remained in a fixed position, would result in 
progressively greater bubbler immersion depth. 
This, in turn, would result in progressively greater 
back pressure, lower oxygen flow rate, and lower 
elbow temperature. For this reason it is recom- 
mended that the elevation of the peroxide beaker be 
adjusted following each titration so as to maintain 
a constant 3 cm immersion during the 4-min com- 
bustion period. 

Following the preliminary steps of adjusting the 
furnace temperature, adjusting the oxygen flow rate, 
purging the combustion tube, and neutralizing the 
peroxide solution, the 0.5-g sample contained ina 
suitable combustion boat* is inserted in the com- 


*Of the several styles of combustion boats tested, the one preferred 
by the Robena analysts is an unglazed boat 2 5/16 in. long, 7/8 in. 
wide, and 9/16 in high, OD, with a cavity about 2 1/16 long, 5/8 in. 
wide, and 3/8 in. deep. 


bustion tube to a point coinciding with the near 

edge of the hot zone. The stopper carrying the oxy- 
gen inlet tube is inserted immediately in the end of 
the combustion tube and the timer set to alarm 
after 4min. At the end of the 4-min combustion per- 
iod the peroxide solution will be a red color due to 
the presence of sulfuric acid. The standardized 0.05 
N sodium hydroxide is then slowly added from the 
burette until the color of the peroxide solution 
changes from red to yellow. The pinch clamp on the 
rubber tube leading from the side arm of the oxy- 
gen inlet tee is then opened and mouth suction ap- 
plied to draw the peroxide solution up into the bub- 
bler, past the elbow, almost to the rubber tube con- 
necting the bubbler to the combustion tube. In this 
manner the bubbler is backwashed three times. 
Generally, sufficient acid will have condensed in 
the bubbler to cause the peroxide to change back to 
a red color. Additional sodium hydroxide is added 
from the burette to restore the yellow color. This 
backwashing and retitration procedure is repeated 
until no more color change is produced. Each mil- 
liliter of exactly 0.05 N sodium hydroxide used in 
the titration is equivalent to 0.160 pct in a 0.5-g 
sample of coal. 


RESULTS AND CONCLUSIONS 


Coals With No Interfering Elements: The following 
evaluations were based on Pittsburgh seam raw 
and washed coals from eight mines in southern 
Pennsylvania and northern West Virginia: Fig. 3 
shows the results of the precision or reproducibil- 
ity tests of the tube-furnace and Eschka methods. 
In an attempt to avoid bias, each of the 40 samples 
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EXTREME DIFFERENCE, HUNDREDTHS PERCENT SULFUR 


Fig. 3—Precision of tube-furnace and Eschka 
methods, 


of high-ash raw coalwas pulverized to—60 mesh and 
carefully riffled into two equal parts. These parts 
were then assigned consecutive sample numbers; 
that is, samples 1 and 2 were the two halves of the 
same gross sample, samples 3 and 4 were the two 
halves of a different gross sample, etc. The ana- 
lysts were then instructed to determine the sulfur 
content of the 80 subsamples by both the Eschka and 
the tube-furnace methods. Several days after the 
samples were first analyzed they were reanalyzed 
by both methods. The analysts did not know that 
pairs of consecutively numbered samples were iden- 
tical. From this work there resulted four analyses 
by each method for each of the 40 different gross 
samples of coal. In Fig. 3 the difference between 
the highest and lowest of the reported values for 
each gross sample, by each analytical method, has 
been plotted against the percentage frequency of oc- 
currence. For example, the Fig. 3 tube-furnace 
data show that in no case were the four determina- 
tions identical or differed by as little as 0.01 pct S. 
For 40 pct, or 16 samples, the maximum difference 
in the four analyses was 0.02 pct and for the same 
number of samples the maximum difference was 
0.03 pet S. For 20 pct, or eight samples, the maxi- 
mum difference of the four analyses was 0.04 pct S. 
In no instance did the maximum difference exceed 
0.04 pet S. Statistically, the standard deviation of 
analysis for the tube furnace method was 0.014 pct 
S. This represents just slightly greater precision 
than the 0.020 pct standard deviation for the 
Eschka method on the same 40 samples of raw coal. 
Although the foregoing data signify that the tube- 
furnace method is at least as precise as the Eschka 
method they do not indicate how accurate the method 
may be. In fact, the average sulfur analysis of the 
40 samples was 1.64 pct by the Eschka method and 
1.62 pct by the tube furnace method. Thus, it was 
apparent that additional tests for accuracy would be 
required before the tube-furnace method could be 
considered acceptable. For one of these tests, 
three samples of coal were sent to 13 different lab- 
oratories for duplicate sulfur analyses. The same 
three samples were analyzed in duplicate at the 
Robena Laboratory by both the Eschka and tube- 
furnace methods. It was here assumed that, for each 
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Table |. Accuracy Tests of the Tube-Furnace 
and Eschka Methods 


Rebena/14 Laboratory Test Comparisons 


Table Il. Results of Tube-Furnace Sulfur Determination of Coals 
Containing Appreciable Amounts of Chlorine 


Tube-Furnace 


Tube-Furnace 
Robena Laboratory Analyses Chlorine, Sulfur, Pct, ulfur, orrected for 
Sample Pct Uncorrected Pct Chlorine 
14 Laboratories Eschka Tube-Furnace 
Mathes, Method, Coal No. 4 0.16 0.64 0.58 0.57 
Coal No. 5 0.25 0.75 0.64 0.65 
Coal No.6 0.17 0.73 0.66 0.66 
: 1,65 1.65 1.60 
No. 3 0.57 0,55 0.56 


Final Test for Accuracy 


Laboratory Method No. of Analyses Average Pct S$ 
A Eschka 234 1,530 
B Tube-furnace 234 1,535 
A Tube-furnace 277 1.487 
B Eschka 277 1.490 


coal, the average of the analyses reported by the 
combined 14 laboratories (the Robena Eschka re- 
sults were included in the average) would be more 
nearly the correct analysis than that reported by 
any single laboratory. Table I, containing the re- 
sults of this test, shows that the Robena results, by 
the Eschka method, were 0.03 pct high for sample 
No. 1, 0.01 pct high for sample No. 2, and 0.02 pct 
low for sample No. 3. In contrast, the tube-furnace 
results were 0.01 pct high for sample No. 1 and 
0.01 pct low for sample No. 2 and 3. Thus, al- 
though either analytical method yielded results 
well within the ASTM permissible difference of 
0.10 pct S by different laboratories, the tube-fur- 
nace results checked the more closely with the 14- 
laboratory average. 

The final test for accuracy involved the washed 
coal from a Cleaning plant for two one-month per- 
iods. During the latter part of 1958, 234 samples 
of washed coal were collected through a calendar 
month and a single —60-mesh sample prepared 
from each. After the 234 pulp samples had been an- 
alyzed at laboratory A by the Eschka method they 
were sent to laboratory B where they were analyzed 
by the tube-furnace method. Table I shows that the 
average sulfur content of the 234 samples was re- 
ported by laboratory A to be 1.530 pct and by labo- 
ratory B to be 1.535 pct. The test was repeated for 
one month’s production, this time represented by 
277 samples during the fore part of 1959. However, 
in the latter test Laboratory A changed from the 
Eschka to the tube-furnace method and laboratory 
B changed from the tube-furnace method to the 
Eschka method. The average of the 277 individual 
analyses by laboratory A was 1.487 pct S and by 
laboratory B was 1.490 pct S. Thus, laboratory A 
tended to report a slightly lower sulfur percentage 
irrespective of analytical method employed, al- 
though the calculation had to be carried to the thou- 
sandth percent to show this tendency. The foregoing 
data indicate the the tube-furnace method is at 
least as accurate as the Eschka method for the par- 
ticular coals involved in these tests. 

Coals Containing Interfering Elements: Although 
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adoption of the tube-furnace method at the Robena 
Laboratory has greatly reduced analytical costs and 
delay in reporting the sulfur content of routine con- 
trol samples of Pittsburgh seam coals, the method 
has limitations and should not be used indiscrimi- 
nately. Research to date has shown that coals con- 
taining appreciable amounts of chlorine or calcium 
compounds may not be amenable to analysis by the 
tube-furnace method. 

Table II illustrates some of the inaccuracies of 
the method when applied to coals containing an ap- 
preciable quantity of chlorine. Twenty samples of 
coal No. 4 contained an average of 0.16 pct chlorine 
and the tube-furnace sulfur analysis was 0.06 pct 
higher than the average Eschka analysis. Coal No. 

5 was represented by 12 samples with an average 
chlorine content of 0.25 pct. For this coal the ave- 
rage tube-furnace sulfur was 0.11 pct higher than 
the Eschka sulfur. The nine samples that comprised 
coal No. 6 averaged 0.17 pct chlorine and the ave- 
rage tube-furnace sulfur was 0.07 pct higher than 
that by the Eschka method. In contrast, the average 
of the tube-furnace sulfur analyses of the 20 
samples comprising coal No. 7 exactly checked the 
Eschka analysis in spite of the fact that this coal 
contained 0.10 pct chlorine. 

The chlorine analyses herein reported were de- 
termined by two methods, each involving the burn- 
ing of a 0.5-g sample of the coal in the tube furnace 
in exactly the same manner and equipment as that 
used for the determination of sulfur. In the one 
method, employing the Volhard titration, the evolved 
chlorine reacts with a known quantity of silver ni- 
trate and the excess silver nitrate determined by ti- 
tration with potassium thiocyanate using a ferric 
alum indicator. In the other, or mercuric nitrate 
method, both sulfur and chlorine are determined on 
the same 0.5-g analytical sample. A mixed indi- 
cator of diphenylcarbazone and bromphenol blue is 
substituted for the methyl red usually used. First, 
the sulfur is determined by titration to a purple end- 
point with sodium hydroxide. The peroxide solution 
is then acidified with nitric acid and chlorine deter- 
mined by titration to a pale voilet end-point with 
mercuric nitrate. Each of these methods have been 
tested rather extensively and have shown excellent 
reproducibility. 

Referring again to Table II, the last column shows 
the sulfur content of the coals by the tube-furnace 
method wherein the results have been corrected for 
the sulfur equivalent of the chlorine. Although the 


data imply that the tube-furnace method for deter- 
mining sulfur may be reasonably accurate for coals 
4, 5, and 6 if the results are corrected for the chlo- 
rine contained in the coal, the data for coal No. 7 
are most disconcerting. 

Methods for determining and overcoming the ef- 
fects of interfering elements are now being inves- 
tigated at the Robena Laboratory. Pending success- 
ful completion of this work, we must reiterate that 
in its present state of development the tube-furnace 
method is limited in its applicability and should not 


be considered reliable until proved so for the type 
of coal to be analyzed. 
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CRUSHING OF ANTHRACITE FOR THE REDUCTION OF 
DOMESTIC TO STEAM SIZES 


As a result of a changing market pattern for anthracite, there is now an in- 
creasing demand for steam size and a decreasing demand for domestic 
sizes. To help the producer meet this new demand, the authors present the 
technical aspects of the problem of crushing domestic sizes to steam fine- 
ness and size. 


by P. D. Rao, H. B. Charmbury, and D. R. Mitchell 


pe market pattern for anthracite coal has changed each size must be crushed in three separate rolls 


considerably in recent years. The demand for to the next largest size. 
domestic sizes has been gradually decreasing and Each crushed product must then be rescreened 
the demand for the steam sizes has been increasing. to remove the oversize for recrushing. Thus a 
The companies however aim for a maximum pro- typical operation would consist of scalping the egg 
duction of domestic sizes, since these sizes com- size from a mixture, crushing it to stove size, and 
mand premium prices. To meet the market de- rescreening the product. This same cycle would be 
mands, particularly in certain periods of the year, repeated for the stove and nut sizes requiring three 
further size reduction of the coarse clean coal is screens and three crushers as well as conveying 
necessary. The present practice of multistage equipment to handle the crushed products. This re- 
crushing in toothed rolls leads to complicated flow sults in an expensive series of operations to make 
arrangements and is high in cost. a product which sells for a lower price. 

Data presented herein indicate that crushers with If the three top sizes are crushed in one operation 
high reduction ratios could be used with a resulting to the smaller sizes then the yield of steam sizes is 
simplification of crushing flows and an appreciable low and the production of Nos. 4 and 5 sizes is 
reduction of capital and operating costs. The dif- large. These sizes sell for lower prices than the 
ferent types of crushing equipment investigated in- steam sizes. 
cluded the rotary-type breaker, the jaw crusher, A typical operation is presented in Fig. 1. From 
the impactor-type crusher, and the Aerofall mill. the figure it may be seen that the original cleaned 


anthracite contains 67.4 pct domestic sizes, 26.4 pct 
steam sizes, and 6.2 pct fines. After multistage 
CURRENT PRACTICE crushing of the domestic to steam sizes the compo- 
sition of the product is 0.6 pct domestic sizes, 89.6 
pct steam sizes, and 9.8 pct fines. 
From a technical standpoint these results are 
reasonable but the handling and crushing costs are 


The standard sizes of anthracite are presented in 
Table I and market specifications require that any 
given size be maintained with only a limited amount 
of oversize and undersize material. The 1958 prices 
of the various sizes also are presented, so it may 
be seen that size reduction is only performed when 
dictated by market demands. 

At the present time the general practice of crush- 


Table I. Standard Sizes of Anthracite and 1958 Market Prices 


Average 


ing anthracite consists of removing the top size and 
crushing it in a toothed double roll crusher to the Anthracite Sizes ation In. 3 in i ad $ 
next largest size. Consequently, to reduce the 
domestic egg, stove, and nut sizes to steam sizes of 5 
pea, buck, rice, and barley, the original material Nut Sizes N 1-5/8 13/16 12.36 
must be screened to produce the three top sizes and pee Pp 13/16 9/16 10.48 
Buck | st 1 
P. D. RAO is Graduate Assistant; H. B. CHARMBURY is 2 
Professor and Head, Dept. of Mineral Preparation; and D. R. Barley 3 3/16 3/32 6.68 
MITCHELL is Professor and Chairman, Div. of Mineral Engi- 
neering, The Pennsylvania State University, University Park, Fi 
Pa. TP 60F74. Manuscript, Dec. 18, 1959, New York eine ven py 2 ee 00 
O 4. 


Meeting, February 1960. Discussion of this paper, sub- 
mitted in duplicate prior to July 1, 1962, will appear in 
AIME Transactions (Mining), 1962, vol. 223. 


*Silt varies: —48 to 200 mesh. 
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Fig. 1—Multistage crushing of anthracite with roll 
crushers. 


high. Since toothed roll crushers were first in- 
stalled in 1844 there have been quite a few im- 
provements in their design to improve cost of 
operation. There have been numerous variations in 
the shape of the teeth and the patterns for the teeth 
on the surface of the rolls. Better steels and ma- 
terials have been used for the roll surfaces and 
plates. The surfaces have been built in segments to 
facilitate replacements. There has been a tendency 
in recent years to reduce the peripheral speeds. All 
of these have helped to produce a better product at 
a lower cost. Nevertheless, these crushers must be 
maintained in good operating condition to insure 
optimum results. Periodic tests must be made to 
obtain information on the teeth sharpness and the 
correct spacing and check tests must be conducted 
with the product to make sure that the proper size 
consist is being attained. 


ROTARY- TYPE BREAKER 


One of the first crushers to be investigated was 
the rotary-type, commonly known as the Bradford 
breaker. This type of breaker is not being used in 
the Pennsylvania anthracite area at the present 
time. 

A diagram of the breaker is shown in Fig. 2. It is 
a revolving cylinder, the two ends of which are con- 
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Rockand Tramp Iron 
Fig. 2—Open-end Bradford coal breaker. 


nected by steel spreaders to which are aitached per- 
forated screen plates. A series of longitudinal steel 
shelves on the inside lift and drop the coal as the 
breaker revolves. Finger guides on the inside sur- 
face form a spiral which moves the coal through the 
machine. The shelves are made in removable sec- 
tions, and the finger guides are adjustable. The 
combination of these features gives a wide latitude 
in the treatment of coals having different friability. 

These breakers are built in a variety of sizes 
ranging from 9 to 12 ft diam, and from 12 to 24 ft in 
length. Capacities are determined by the friability 
of the coal, the size of the screen openings, the 
percentage of undersize, and the quantity of foreign 
material in the coal. 

These breakers offer numerous advantages: 1) 
They continually remove undersize material, thus 
preventing further degradation of the desirable 
sizes. Opening for screen sizes in this particular 
problem would be the top size for pea coal. 2) There 
are a number of operating variables so that the size 
of the products can be adjusted to meet changing 
market demands. 3) Because of the low force used in 
fracturing, the mechanical production of extreme 
fines is ata minimum. 4) Large stones and tramp 
iron are automatically scavenged as an oversize 
product. 5) Mosisture in the feed has little effect on 
the product. 6) Large reduction ratios may be at- 
tained. 7) The operation may be conducted with water 
sprays inside the breaker to wash the undersize 
product from the breaker in slurry form, thus.ob- 
taining a pulp for subsequent wet screen operations. 

Unfortunately, pilot plant data on this type of 
crusher would be meaningless, since the results are 
dependent upon the hieght of the drop and the number 
of drops. Thus equipment short of a large-scale 
breaker could not be used. In order to overcome 
this and to obtain data comparable to full scale 
operations, drop-shatter tests were conducted in 
the laboratory and the undersize material was re- 
moved by screening the product after each drop. 

The tests were conducted with 50-lb samples of 
stove and nut sizes of coal from the central an- 
thracite region. Variables for the test were the 
height of the drop and the number of drops. Drop 
heights were 6, 8, 10, 12, 16, and 24 ft and the 
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Fig. 3—Size reduction of anthracite stove coal by 
drop shatter methods. 


number of drops ranged up to 40. In all cases, the 
-1/2-in. material was removed from the product 
after each drop and in most cases, a size analysis 
was made on the -1/2-in. fractions. In other cases, 
several 1/2-in. fractions were combined before con- 
‘ducting a size analysis. 

The first series of tests was conducted by drop- 
ping each size sample ten times at different heights. 
Results showing the total percentage of the sample 
reduced to -1/2-in. are presented in Table II. 
These results indicate, as would be expected, that 
the percentage of -1/2-in. material increases with 
an increase in height and that the size of the start- 
ing coal has little effect. The size analyses of the 
-1/2-in. fractions obtained from dropping the nut 
and stove sizes from different heights are presented 
in Table III. 

Considering the various sizes of commercial 
breakers and considering the foregoing results, it 


Table Il. Effect of Height in Reducing Anthracite 
Sizes by Drop- Shatter Methods 


Pct of Sample Reduced to —1/2 In. After Ten Drops* 


Height, Ft Nut Size Stove Size 
6 31.4 30.7 
8 37.4 30.2 
10 44.9 38.1 
12 49.2 45.7 
16 59.1 5515 
24 65.4 65.3 


*The —1/2-in. fraction was removed after each drop. 
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Fig. 4—Flowsheet for crushing anthracite in a Brad- 
ford breaker. 


was decided to conduct the second series of tests by 
dropping samples of stove coal numerous times 
from heights of 6 and 12 ft. The object of this series 
of tests was to determine the total number of drops 
required to reduce all of the sample to sizes smaller 
than 1/2 in. The -1/2-in. material was removed 
after each drop and the percentage of the original 
sample broken to this size was determined. The 
results are presented in Fig. 3. From these results 
it may be seen, from the extrapolation portion of 

the curve (the dotted line), that approximately 80 
drops would be required from a height of 12 ft to 
reduce all of the coal to —1/2-in. size and that ap- 
proximately 160 drops would be required from a 
height of 6 ft. Size analyses of the cumulative 
-—1/2-in. fractions were made after 10, 20, 30, 

and 40 drops and the results are presented in 

Tables IV and V along with estimated size anal- 
yses of the products after the complete sample re- 
duction to -1/2 in. 

Taking into consideration the foregoing results 
and keeping in mind a practical application, a third 
test was conducted by dropping nut coal 20 times 
from a height of 12 ft. Again the -1/2-in. material 
was removed after each drop and a size analysis 
was made of the cumulative product. The results 
indicated that 78 pct of the sample was reduced to 
sizes smaller than 1/2 in. and that a complete size 
analysis was as follows: 5.0 pct nut, 17 pct pea, 48 
pet buck, 11 pct rice, 8 pct barley, 4 pct No. 4, and 
7 pet No. 5 and smaller. This analysis is quite 
similar to that obtained with stove coal under the 
same conditions. 

The drop-shatter tests were used to obtain some 
idea as to what results could be expected with this 
type of breaker in actual plant operation. Assuming 


Table Ill. Size Analysis of Minus 1/2-In. Fractions After Dropping 


Nut Coal Ten Times from 


Stove Coal Ten Times from 


Anthracite Size 6 Ft 8 Ft 10 Ft 12 Ft 16 Ft 24 Ft 6 Ft 8 Ft 10 Ft Palas 16 Ft 24 Ft 
Buck 56.5 57.0 55.0 54.0 5322 53.0 50.0 44.5 42.9 50.0 47.0 50.2 
Rice 16.5 BS 18.8 19.0 19.3 20.5 16.8 19.5 18.8 18.7 20.5 20.8 
Barley 11.0 10.5 11.0 1222 11.9 12.9 13.8 1335 
No. 4 4.6 5.2 5.4 52 5.9 5.2 5.8 Thess 7.4 6.5 6.7 622 
No. 5 and smaller 11.4 9.8 9.8 10.3 9.4 9.1 5¢5 15.8 Sen 17. 12.0 9.3 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
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Fig. 5—Jaw crusher. 


a coal, similar to the one tested, to be crushed to a 
top size of 3 1/4 in. and cleaned, and the domestic 
sizes added to a Bradford breaker 12 ft diam with 
conditions adjusted so that it would be dropped 20 
times in the breaker, the product from the breaker 
would have the size analysis as shown in Fig. 4. 
These results show that the final product would 
contain 8.2 pct domestic sizes, 76.4 pct steam sizes, 
and 15.4 pct fines. A reduction in the number of 


Table IV. Cumulative Pct of Standard Anthracite Sizes 
Resulting from Repeated Drops of a 50 Lb Sample of Stove Coal 


Number of Drops from 6 Ft 


Size 10 20 30 40 160* 
Oversize 64.0 42.0 28.0 16.0 - 
Buck 20.0 33.0 43.0 50.0 58.0 
Rice 5.0 8.0 9.0 10.0 13.0 
Barley 6.4 8.0 10.0 
No. 4 3.8 4.6 6.8 
No. 5 and smaller 9.0 10.5 


*Estimated size analysis. 


Table V. Cumulative Pct of Standard Anthracite Sizes 
Resulting from Repeated Drops of a 50 Lb Sample of Stove Coal 


Number of Drops from 12 Ft 


Size 10 20 30 40 80* 
Oversize 45.0 12.0 5.0 
Buck 32.0 44.0 50.0 55.0 56.0 
Rice 8.0 11.0 13.0 14.0 16.0 
Barley 5.8 9.0 10.0 10.2 11.0 
No. 4 3.6 5.6 6.0 6.1 6.5 
No. 5 and smaller 5.6 7.4 9.0 9.7 10.5 


*Estimated size analysis. 
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Fig. 6~Schematic flowsheet of a typical anthracite 
coal preparation plant crushing domestic to steam 
sizes with a jaw crusher. 


drops would increase the domestic sizes and de- 
crease the steam sizes and fines. 


JAW CRUSHER 


Jaw crushers have a breaking action similar to a 
nut cracker. The particles to be broken fall by 
gravity in between two breaking plates or jaws and 
remain there until they are small enough to pass 
between the setting of the plates at the bottom of 
the crusher. The pilot plant crusher used in the 
present work was a 10x20-in. forced feed Blake- 
type crusher. It was driven at a rate of 270 rpm by 
a 25 hp motor. At rest, the crusher can hold 103 lb 
of stove size coal in its throat of which 71 1/2 lb is 
held in the actual crushing zone. The crusher for 
this work was operated with a minimum Set or dis- 
charge opening of 3/8 in. A diagram of the crusher 
is presented in Fig. 5. 

The tests were conducted by hand feeding the coal 
at the maximum rate of 8.1 to 8.7 tph. Egg, stove, 
and nut sizes were used as feed coal and all products 


Table VI. Standard Anthracite Sizes from Crushing Egg, Stove, 
and Nut Coal in a 10x20 In. Jaw Crusher with a 3/8 In. Set 


Feed Egg Stove Nut 

Nut 1.0 
Pea 16.5 16.3 15.9 
Buck 39.3 39.7 
Rice 16.2 19.1 
Barley 11.9 1222 13.5 
No. 4 5.9 Bes 5.4 
No. 5 and smaller 8.7 8.2 Tok 

100.0 100.0 100.0 
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Table VII. Test Conditions and Resulting Standard Anthracite 
Sizes with Egg Size Feed at Low Feed Rate (5.8 to 6.2 tph) 


Test No. | E 2 E 3 
Size of feed Egg Egg Egg 
Quantity of feed, lb 200 200 200 
Crushing time, sec 62 58 60 


HP required 4.09 4.21 4.51 
Feed rate, tph 5.8 6.2 6.0 
Throughput, tons per kw-hr 1.970 1.913 1.782 
Rotor speed, rpm 620 1090 1280 
Peripheral velocity of the 
rotor, fps 70.4 12357 145.3 
Screen Analysis of the Product 
Stove 1.6 
Nut 18.4 14.5 12.8 
Pea 14.2 13.0 122 
Buckwheat 22.5 18.7 17.8 
Rice 13.8 15-1 14.7 
Barley 13.0 14.7 15.9 
Buckwheat No. 4 7.6 10.2 10.4 
No. 5 and smaller 8.9 13.8 16.2 
Total 100.0 100.0 100.0 
Domestic Sizes 20.0 14.5 12.8 
Steam Sizes 63.5 61.5 60.6 
Fines 16.5 24.0 26.6 


were screened to determine the percentages of 
standard anthracite sizes. The results are presented 
in Table VI. These results show that the size anal- 
yses of the crushed products were approximately the 
same regardless of the size of the feed. The steam 
sizes ranged from 83.9 to 86.2 pct as the feed de- 
creased from egg to nut, and the amount of fines 
decreased from 14.6 to 12.5 for the same feed 
sizes. The oversize was about 1 to 1.5 pct. 

To facilitate interpretation of the crushing tests, 
a schematic flowsheet of an anthracite coal prepara- 
tion plant using a jaw crusher is presented in Fig. 6. 
It is assumed that the run-of-mine coal has been re- 


ig. 7—Kennedy Van Saun Cuber No. 20 crusher. 
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Table VIII. Test Conditions and Resulting Standard Anthracite 
Sizes With Egg Size Feed at High Feed Rate (12.4 to 16.3 tph) 


Test No. E 4 E:5 E6 
Quantity of feed, lb 200 200 200 
Cmshing time, sec 29 22 25 
HP required 4.25 4.51 4.55 
Feed rate, tph 12.4 16.3 14.4 
Throughput, tons per kw-hr 4.358 4.107 4.068 
Rotor speed, rpm 620 1090 1280 
Peripheral velocity of the 

rotor, fps 70.4 12337 145.3 

Screen Analysis of the Product 

Stove 4.5 1.5 1.0 
Nut 24.0 19.0 2th 
Pea 15.0 15.1 L523 
Buckwheat 19.7 18.6 19.3 
Rice 13.0 1335 
Barley 10.6 12.6 11.4 
Buckwheat No. 4 5.4 8.0 7.0 
No. 5 and smaller 7.8 
Total 100.0 100.0 100.0 
Domestic Sizes 28.5 20.5 Dh 
Steam Sizes 58.3 59.8 59.1 
Fines 13:2 19.7 18.2 


Table IX. Test Conditions and Resulting Standard Anthracite 
Sizes with Stove Size Feed at Low Feed Rate (6.0 tph) 


Quantity of feed, 1b 200 200 200 
Crushing time, sec 60 60 60 
HP required 3295 3.98 4.46 
Feed rate, tph 6.0 6.0 6.0 
Throughput, tons per kw-hr 2.038 2.021 1.803 
Rotor speed, rpm 620 1090 1280 
Peripheral velocity of the 

rotor, fps 70.4 123.7 145.3 


Screen Analysis of the Product 


Nut 16.2 11.2 11.0 
Pea 14.3 11.9 13.0 
Buckwheat 24.5 20.7 223 
Rice 15.4 15.4 14.5 
Barley 13.3 14.9 15.4 
Buckwheat No. 4 Tok 10.9 9.6 
No. 5 and smaller 9.2 15.0 14.2 
Total 100.0 100.0 100.0 

Domestic Sizes 16.2 11.0 
Steam Sizes 67.5 62.9 65.2 
Fines 16.3 25.9 23.8 
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Fig. 8—Standard anthracite sizes from crushing of 
egg, stove, and nut-size coal in a KVS Cuber No. 20 
crusher at a rotor speed of 620 rpm and a feed rate 
of 5.9+0.1 tph. 
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Table X. Test Conditions and Resulting Standard Anthracite 
Sizes with Stove Size Feed at High Feed Rate (14.4 to 17.1 tph) 


Test No. $4 55 $6 
Quantity of feed, lb 200 200 200 
Crushing time, sec 25 22 21 
HP required 4.21 4.29 4.46 
Feed rate, tph 14.4 16.3 Va. 
Throughput, tons per kw-hr 4.400 4.313 4.147 
Rotor speed, rpm 620 1090 1280 
Peripheral velocity of the 

rotor, fps 70.4 123-7 145.3 


Screen Analysis of the Product 


Stove 


1.4 1.0 

Nut 24.1 22 22.9 
Pea 16.4 15.4 Sx 
Buckwheat 22:6 21.7 
Rice 12.0 11.6 11.6 
Barley 10.2 10.9 
Buckwheat No. 4 oe | 6.3 6.1 
No. 5 and smaller 7.4 10.7 10.6 
Total 100.0 100.0 100.0 
Domestic Sizes 26.3 23.6 23.9 
Steam Sizes 61.2 59.4 59.4 
Fines 1225 17.0 16.7 


duced to egg size and cleaned. The figures are 
based on 100 tph of clean coal. 

If the clean coal were simply sized, there would 
be 67.34 tph of the domestic sizes egg, stove, and 
nut; 26.37 tph of steam sizes pea, buck, rice, and 
barley; and 6.29 tph of Nos. 4 and 5 and smaller 
fines. On the other hand if the egg, stove, and nut 
were scalped and crushed in a jaw crusher under 
the conditions used in the pilot plant test, there 
would be 84.40 tph of steam sizes and 15.60 tph of 
fines. 


IMPACT CRUSHER 


Almost all conventional types of crushers use a 
compressive force between two rigid steel bodies in 
order to break particles. An impact crusher, how- 
ever, uses an impact blow or force and, since the 
impact strength of most minerals is less than the 
compressive strength, it follows that the power re- 
quirements for impact crushers will be less than 
for conventional types. This fact led to the investi- 
gation of an impactor-type of crusher for this prob- 
lem. 
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Fig. 9—Standard anthracite sizes from crushing of 
egg, stove, and nut-size coal in KVS Cuber No. 20 
crusher at a rotor speed of 1090 rpm and a feed 
vate of 6.1+0.1 tph. 


Table XI. Test Conditions and Resulting Standard Anthracite 
Sizes with Nut Size Feed at Low Feed Rate (6.0 tph) 


Test No. N1 N 2 N 3 
Quantity of feed, lb 200 200 200 
Cmshing time, sec 60 60 60 
HP required 3.86 3.95 4.42 
Feed rate, tph 6.0 6.0 6.0 
Throughput, tons per kw-hr 2.083 2.038 1.820 
Rotor speed, rpm 620 1090 1280 
Peripheral velocity of the 

rotor, fps 70.4 12307 145.3 


Screen Analysis of the Product 


Nut 10.7 8.9 10.1 
Pea 15.0 13.9 14.7 
Buckwheat 25.9 20.7 Dales 
Rice 17.6 16.5 14.9 
Barley 14.6 15.9 15.2 
Buckwheat No. 4 elt 10.4 10.2 
No. 5 and smaller 9.1 T1387 13.8 

Total 100.0 100.0 100.0 
Domestic Sizes 10.7 8.9 10.1 
Steam Sizes 73.1 67.0 65.9 
Fines 16.2 24.1 24.0 


Table XII. Test Conditions and Resulting Standard Anthracite 
Sizes with Nut Size Feed at High Feed Rate (13.3 to 13.8 tph) 


Test No. N 4 N5 N 6 
Quantity of feed, 1b 200 200 200 
Crushing time, sec 26 27 26 
HP required 4.12 4.21 4.38 
Feed rate, tph 13.8 13.3 13.8 
Throughput, tons per kw-hr 4.492 4.401 4.228 
Rotor speed, rpm 620 1090 1280 
Peripheral velocity of the 

rotor, fps 70.4 12357 145.3 


Screen Analysis of the Product 


Nut 27.0. 26.4 
Pea 16.8 18.9 
Buckwheat il 19.2 20.0 
Rice 12.0 10.9 inl 
Barley 9.9 10.4 10.0 
Buckwheat No. 4 4.6 6.0 5.8 
No. 5 and smaller 8.2 10.3 11.0 

Total 100.0 100.0 100.0 
Domestic Sizes 27.0 26.4 Dae 
Steam Sizes 60.2 LYS) 60.1 
Fines 12.8 6:3 16.8 
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Fig. 10—Standard anthracite sizes from crushing of 
egg, stove, and nut-size coal ina KVS Cuber No. 20 
crusher at a rotor speed of 1280 rpm and a feed 


rate of 6.0 tph. 
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Fig. 11—Standard anthracite sizes from crushing of 
egg, stove and nut-size coal ina KVS Cuber No. 20 

crusher at a rotor speed of 620 rpm and a feed vate 
of 13.4+1.0 tph. 


This type of crusher is not used to any appreciable 
extent in the coal industry today. It first found appli- 
cation in the coal industry in Germany in 1950 for 
crushing refuse for pneumatic haulage. Since that 
time several other applications have been made. 

There are at least ten types of impactor crushers 
on the market today. The one selected for the pilot 
plant tests was the Kennedy Van Saun Cuber No. 20 
shown in Fig. 7. This is a single rotor arc plate 
type. The feed chute has a 13 1/2 25-in. size open- 
ing and is 20 in. long. The rotor, fixed at the base 
of the expansion chamber, has three hammers fixed 
radially by means of angle irons. It is 25 in. in 
length and 25 in. diam at the tip of the hammers. 

The hammers are 6 in. high and 2 1/2 in. thick and 
run across the length of the rotor. The impactor 
surface is a corrugated arc plate, 42 in. long. The 
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Fig. 12—Standard anthracite sizes from crushing of 
egg, stove, and nut-size coal ina KVS Cuber No. 20 
crusher at a rotor speed of 1090 rpm and a feed 
rate of 14.8+1.5 tph. 


clearance between the lower edge of the arc plate 
and the tip of the hammers is about 1 in. The mill 
is driven by a 25 hp motor. 

Egg, stove, and nut coal from the Western Middle 
Field was used for the test. The grindability indices 
for these coals ranged from 31.7 to 33.1. The vari- 
ables studied, in addition to the feed size, were the 
rate of feed and the speed of the rotor. Two feed 
rates were used: 5.9+0.3 tph and 13.8+ 3.3 tph. 
Rotor speeds tested were 620, 1090, and 1280 rpm 
with peripheral velocities of 70.4, 123.7, and 145.3 
fps, respectively. Two hundred pounds of coal were 
used for each test and screen analyses were made 
on all products. 

Results showing conditions used and the amounts 
of the standard anthracite sizes produced are pre- 
sented in Tables VII to XII. A comparison of the 


Table XIII. Analysis of Aerofall Mill Products at 
1 1/2-In. Water Gage 


Cumu- Cumu- 
lative lative 
Wt Pct Size Wt Pct Ash Pct Wt Pct Ash Pct 
Horizontal Classifier Product 
61.2 +4 0.3 7.8 0.3 7.8 
4x10 ibgyf 9.2 2.0 9.0 
10 x 28 45.2 8.3 47.2 8.3 
28 x 48 38.6 9.7 85.8 9.0 
48x65 9.4 13.6 95.2 9.5 
65x100 3.8 99.0 9.7 
100 x 150 0.6 16.9 99.6 9.8 
150 x 200 0.2 19.0 99.8 9.8 
— 200 0.2 24.3 100.0 9.8 
Cyclone Product 
32.8 10x 28 2.0 8.6 2.0 8.6 
28 x 48 8.2 8.3 
48 x65 5s 9.7 32.4 8.9 
65x 100 16.5 10.7 48.9 9.5 
100 x 150 11.8 11.6 60.7 9.9 
150 x 200 8.2 12.4 68.9 10.2 
200 x 270 9.5 13.5 78.4 10.6 
—270 21.6 17.4 100.0 1200 
Multiclone Product 
2.0 — 200 100.0 54.0 100.0 54.0 
Dustcatcher Product 
4.0 200 x 270 30.0 56.0 30.0 56.0 
— 270 70.0 60.0 100.0 59.0 


Table XIV. Analysis of Aerofall Mill Products at 
3-In. Water Gage 


Cumu- Cumu- 

lative lative 
Wt Pct Size Wt Pct Ash Pct Wt Pct Ash Pct 

Horizontal Classifier Product 

54.8 +4 0.4 7.7 0.4 Tei 
4x10 30.5 9.4 30.9 9.4 

10x28 62.4 10.0 93.3 9.8 

28x 48 6.3 12.0 99.6 9.9 

48x65 0.3 15.8 99.9 9.9 

—65 0.1 21:5 100.0 10.0 

Cyclone Product 

38.2 4x10 0.5 7.6 0.5 7.6 
10x 28 23.8 8.4 24.3 8.4 

28x 48 22.4 9.5 46.7 8.9 

48 x65 10.8 575 9.4 

65x100 10.3 PA. 67.8 9.8 

100 x 150 1255 10.1 

150 x 200 Sel 12.4 80.4 10.2 

200 x 270 Sal 13.4 85.5 10.4 

— 270 14.5 19.0 100.0 

Multiclone Product 
2.0 — 270 100.0 71.0 100.0 71.0 
Dustcatcher Product 

5.0 150 x 200 10.0 65.0 10.0 65.0 
200 x 270 60.0 65.0 70.0 65.0 

— 270 30.0 61.0 100.0 64.0 
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Fig. 13—Standard anthracite sizes from crushing of 
egg, stove, and nut-size coal in a KVS Cuber No. 20 
crusher at a rotor speed of 1280 rpm and a feed 
vate of 15.4+1.7 tph. 


standard anthracite sizes from crushing egg, stove, 
and nut are plotted as histograms in Figs. 8 to 13. 

An evaluation of these results show that a low 
rotor speed and a low feed rate favor the objec- 
tive of reducing the domestic to steam sizes with 
the production of a minimum amount of fines. In 
order to interpret the results a flowsheet of a 
typical anthracite operation is presented in Fig. 14. 
This shows that out of 100 tons of egg size and 
smaller coal, there are 67.34 tons of domestic 
sizes, 26.37 tons of steam sizes, and 6.29 tons of 
fines. If the domestic sizes of egg, stove, and nut 
are crushed in an impactor type crusher under the 
favorable conditions listed there would be 80.70 
tons of steam sizes and 19.30 tons of fines. 


AEROFALL MILL 


The Aerofall mill can be considered as a modified 
type of rotary breaker. It is a rotating cylinder 
similar to a Bradford breaker with the exceptions 
that the diameter is larger than the length and that 
the undersize particles are removed by a sweeping 
air-current, rather than falling through openings in 
the peripheral of the mill. In this respect, it is 
similar to a ball mill and in some cases a light 
ball load may even be used, although the milling 
action depends primarily upon the ore itself serving 
as the crushing and grinding medium. The mill is 
made in different sizes up to 22 ft diam to suit the 
nature of the material to be ground and the required 
capacity. 

The pilot plant mill used in the present tests with 
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Fig. 15—Schematic flowsheet for the Aerofall mill. 
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Fig. 14—Schematic flowsheet of a typical anthracite 
coal preparation plant crushing domestic to steam 
sizes with an impactor crusher, 


egg size anthracite from the northern field was 5 ft 
diam and 2 ft long. In addition to the mill there was 
a collecting system and a draft fan. The collecting 
system consisted of a horizontal classifier, a cy- 
clone, a multiclone, and a bag-type dust collector. 

Coal was fed by hand into the mill at a uniform 
rate—a known weight per unit of time. The products 
resulting in the same unit of time also were weighed 
and the mill was run until the rate of input equaled 
the rate of output. This was equivalent to about 6 
tph. Initially the mill was run without steel balls and 
at a water gage pressure of 1 1/2 in. 

As soon as it became obvious that the product 
from the horizontal classifier was much smaller 
than was hoped for, a few steel balls were added to 
the mill. Visual inspection of the products indicated 
that there was a slight improvement. When the 
system was once more in balance, the products re- 
sulting from 10 min grinding were collected for 
screen analysis. 

A second test was made at a pressure of 3 in. of 
water and at a feed rate of 10 tph using the same 
ball charge. This alteration was made in an attempt 
to remove the larger sizes from the mill. 

A schematic flowsheet of the Aerofall mill ar- 
rangement showing the weight percentage distribu- 
tion of the products at the different water gage 
pressures is presented in Fig. 15. 

Size and ash analyses of the products are pre- 
sented in Tables XIII and XIV. Interpretation of the 
mesh sizes in terms of standard anthracite sizes 
indicate the products contain about 8 pct barley, 20 
pet buck No. 4, 72 pct buck No. 5 and smaller. 
Although the sizes are too small for steam coal, 
they are of interest to those concerned with the 
production of pulverized and sintering fuels. 
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The ash analyses indicate that the Aerofall mill sacrifice domestic sizes to meet the market de- 
and its classifying system not only acts as a pulver- mands. The technical aspects of the problem utiliz- 


izer for the coal but also as a dry cleaning system ing various methods of crushing the domestic sizes 
for the upgrading of the fine coal. have been presented and it is the hope of the authors 
Today, there is an increasing demand for steam that this work may be useful to the producer in 


sizes and for fines and thus the anthracite producer meeting his problem. 
must determine if economics will permit him to 
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PRESENT STATE OF COAL FLOTATION IN 


WEST GERMANY 


Spurred by a variety of factors, coal flotation is making headway among the 
preparation plants of West Germany. The author gives some statistics on 
German coal flotation plants and information on the properties of the feed 
and quality of the derived products. Types of machines and reagents used, 
dewatering practices, tailings disposal, and thickening operations are 
covered. There is special emphasis on the many-sided problems that con- 
Front German coal preparation engineers. 


i fa coal mining industry of West Germany is con- 
centrated in three coalfields: the first on the Ruhr 
and the Rhein rivers, the second on the Saar river, 
and the third near the frontier between Germany and 
the Netherlands, around the towns of Aachen and 
Erkelenz. The total run-of-mine production of these 
three coalfields amounts to 736,000 tpd which come 
from 145 collieries. There are 121 washeries, 43 
of them with a flotation plant. The total throughput 
of these 43 washeries is 280,000 tpd, out of which 
26,000 tons (9.3 pct of the washery feed coal) are 
cleaned by flotation. The capacity of the individ- 
ual flotation plants varies within relatively wide 
limits, the average being 40 tph and the capacity of 
the largest flotation plant being 120 tph. 

During the last few years, the number and size 
of flotation plants have been steadily increasing, al- 
though flotation must be looked upon as an expensive 
and rather complex cleaning process. The consider- 
ations which have led to the widespread application 
of flotation may be summarized as follows: 

1) In making coking coal, it is seldom possible to 
add uncleaned fines to the coke oven charge, as their 
ash content is too high. If, however, the ash content 
of the fines is reduced to a maximum of 7 or 8 pct, 
they can be admixed to the washed and crushed 
small sizes without difficulty. This means, naturally 
that revenue is increased since the price of coking 
fines is always higher than the price for dust or un- 
cleaned wet fines. 

2) To prevent silicosis and pneumoconiosis, water 
infusion and spraying of the coal are practiced much 
more today than ever before. As a result, moisture 
content of run-of-mine coal has markedly increased 
and the washery feed coal contains more and more 
slurry instead of dry dust. The price of slurry, how- 
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ever, is very low, and in many cases it is impossible 
to sell filtered raw slurry with a moisture content 

of 20 to 25 pct and, at the same time, 20 to 25 pct of 
ash. Reduction of the ash content of these slurries 
improves the possibility of dewatering them and, in 
this way, also enhances the marketability of this 
product. 


3) The new severe laws and regulations against 
pollution of air and rivers make it necessary to de- 
dust coal better than in the past and to reduce the 
quantity of the waste water from coal preparation 
plants and their solids content to a minimum. 


4) Even if there were no compulsory reasons to 
clean the fines, flotation will often lead to an in- 
crease in the overall yield. 

Although not the only application, it appears that 
the treatment of coking fines is the primary field 
for the flotation process in coal preparation. It 
must not be overlooked, however, that a series of 
arguments may be advanced against flotation: 


1) Flotation is an expensive process because, in 
addition to the cleaning operation itself, the dewater- 
ing of the froth and the disposal of the tailings is 
very costly. 


2) Operation of a flotation plant requires well 
trained personnel. 

3) Filtered froth has about a 20 pct moisture con- 
tent and, therefore, if mixed with the cleaned small 
coal it causes an undesirable increase in water con- 
tent of the coke oven charge. For this reason it is 
necessary to take additional measures for dewater- 
ing washed small coal and this, of course, entails 
additional expense. 

4) Disposal of flotation tailings involves very dif- 
ficult problems, particularly in the highly industrial- 


ized regions. 
An investigation covering 32 flotation plants of 
Western Germany shows the following composition 


and properties of their feed: 
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Maximum Minimum Average 
(Pct) (Pct) (Pct) 
Volatile matter 
(water and ash-free) 38.7 21.2 29.9 
Ash content 32.9 9.7 20.5 
Grain size over 0.75 mm iteielt 0.0 3.9 
Grain size below 0.10 mm 70.7 11.6 34.6 
Ash content of size fraction 
over 0.75 mm 2.7 8.5 
Ash content of size fraction 
below 0.10 mm 47.5 18.3 311 


The figures for volatile matter content show that 
in most of the flotation plants, the fines to be cleaned 
are desirable for coking coals. However, the ash con- 
tent of the fines in most of the collieries examined is 
about 20 pct; thus it would be impossible to admix the 
uncleaned fines to the washed coal fines. As for the 
size consist, the feed to the flotation plants is com- 
posed of grains from about —0.75 mm, with the par- 
ticles of -100u predominating. Furthermore, the 
table shows that the ash is concentrated in the finest 
size fractions. This is partly due to the fact that 
the feed to the flotation plant is usually sized ina 
current of water rather than screened. In this way, 
the coarser and heavier shale particles will pass 
into the coarse slurries, whereas the lighter coal 
particles and the slimes are concentrated in the 
feed to the flotation plant. 

Flotation cells used in most of the older plants of 
West Germany are similar to the standard cell of 
Minerals Separation Ltd., apart from some smaller 
modifications. The latest type of this machine is 
equipped with froth overflow launders on both sides. 
Other cells with double-sided discharge and gener- 
ally designed like the Fahrenwald cell are also be- 
ing used in Germany. 

To judge from the results, the differences between 
the two types of cells is not substantial. If the grain 
size of the feed is very fine, which entails a tend- 
ency of the slimes to float with the coal, the stand- 
ard cell is given preference; one obtains a purer 
froth, together with tailings of a lower ash content. 
The Fahrenwald type, by contrast, seems to be more 
suitable for coarser slurries. Its vigorous agitation 
effect leads to tailings with a very high ash content 
at the expense of the cleanness of the froth. The vol- 
ume of the cells range in most cases to about 106 cu 
ft, although one washery has large cells with a ca- 
pacity of 176.5 cu ft. 

The success of a flotation plant depends essentially 
on its method of operation which, in turn, is subject 
to the properties and the composition of the feed. 

As a rule, the solids content of the pulp in German 
flotation plants is less than some years ago. In most 
cases, the solids concentration in the first cell is 
kept at less than 200 gpl and often at 100 gpl. This 
is because the slurry in most cases contains a 
greater amount of fines and slimes than before due 
to the higher moisture content of the run-of-mine 
coal. It is generally known that these fine slimes 
are better eliminated if the solids content of the 
pulp is kept low and if the reagents used do not pro- 
duce too strong a collecting effect. 

The most commonly used reagents are coal tar 
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derivatives manufactured so as to keep their con- 
tent of acid components, mostly phenols, as uni- 
form as possible. Large quantities of these stand- 
ardized reagents are commercially sold. They are 
easy to apply, and in practice, they have proved bet- 
ter than the former mixtures of different oils which 
had to be made up in the plants. 

It is known that the acid components will act as 
collectors but unfortunately, they are poisonous 
and conflict with the increasingly severe regulations 
against river pollution. The chemical manufacturers 
are trying, therefore, to produce flotation reagents 
free from phenols; some of them have already ap- 
peared in the market. They are less expensive than 
the usual flotation oils but it is claimed that they 
are equal to them as frothers and collectors. Large- 
scale experience with these chemicals, however, is 
still absent. 


WATER RECOVERY 


There is one other point which needs being men- 
tioned, namely, the reuse of the water after the de- 
watering of the froth and the tailings. The recovery 
of this water becomes more and more a necessity, 
since, with the concentration of the industry in West 
Germany, it is extremely difficult to meet the de- 
mands for water. Fortunately, the chemical indus- 
try has many water clarification agents that do not 
affect the flotation process. 

The higher the proportion of the filter cake added 
to the washed fine coal, the more important is the 
dewatering of the froth. This is true especially in 
the case of coking coal. Up to now the most com- 
mon process of dewatering froth is the traditional 
method using vacuum drum or disk filters. By 
means of modern drum filters with variable speed 
and a suitably formed surface, a high degree of ef- 
ficiency is achieved. In many cases a moisture con- 
tent of less than 20 pct is realized with a specific 
throughput up to 0.07 tons per sq ft. 

It has been observed that the specific throughput 
of the filters is increased if the filter itself is pre- 
ceded by a vacuum froth destroyer. Much in favor 
in Germany are flocculation agents which have the 
twofold effect of increasing the specific throughput 
and of reducing the final moisture content, provided 
that they are added in right proportions — approxi- 
mately 100 g per ton of solids to be filtered. 

Bronze or stainless steel filter cloths still pre- 
dominate with vacuum filters. Plastic cloth, al- 
though rather attractive because of its hydropho- 
bous surface, proved a failure in many cases due to 
insufficient mechanical strength. Disk filters, how- 
ever, are frequently operated with filter bags made 
of perlon, saran, and similar synthetic material. 
The throughput capacity of the filter can be increased 
by thickening the pulp. 

A satisfactory method of dewatering froth in cen- 
trifuges has not yet been found. Tests in this direc- 
tion are being made, but it would be premature to 
derive conclusions. For seven years, Eschweiler 
Bergwerks Verein has been operating a bowl centri- 
fuge in one of its washeries. With two baskets, each 


with a diameter of 100 in. and a useful width of 28 
in., this centrifuge handles 15 dry tons of froth per 
hour. If the sieve cloth is covered witha layer of 
small coal prior to centrifuging, it is possible to re- 
duce the moisture content to about 15 pct. The great 
disadvantage of this machine is the high content of 
solids in the filtrate, about 60 gpl. As the drainage 
and recovery of these extremely fine-grained solids 
are very difficult, the advantage of the excellent de- 
watering effect of the centrifuge is lost to a great 
extent. Other types of centrifuges with sieves give 
similar results. Attempts are being made, there- 
fore, with solid bowl centrifuges, but they appar- 
ently have not been a convincing success. 


TAILINGS POSE PROBLEM 


The problem of most concern to German flotation 
engineers is the disposal of tailings discharged ina 
pulp containing 40 to 50 gpl of solids, 80 to 90 pct of 
which are smaller than 100u. Only a few collieries 
are fortunate enough to have at their disposal set- 
tling ponds into which tailings can be impounded for 
dewatering. In addition, the method of excavating de- 
watered tailings is hardly an economic proposition 
because, not only the excavation itself is expensive, 
but also there is usually no place to dispose of the 
partly dewatered product. 

In view of the enormous space requirements of 
the ponds and the expensive work of excavating them, 
great efforts are made to dewater the tailings as 
cheaply as possible without a need for large space. 
Thickeners which bring about a concentration up to 
600 or 700 gpl are not sufficient for this purpose. 
Attempts have been tried to pump such a thickened 
underflow onto waste heaps, but it was difficult to 
mix it evenly with the washery refuse. Watery zones 
and rills formed, threatening the consistency of the 
waste heap and detrimental to the formation of a 
stable slope. 

Dewatering of thickened tailings in filter presses, 
commonly used in Great Britain, has not found wide- 
spread application in Germany. In fact, it seems too 
expensive, mostly in view of the low throughput and 
high cost. In spite of this, manufacturers of filter 
presses are making great efforts to design fully or 
semi-automatic filter presses, and it is possible 
that the future will lead to success in this field. 

Tests are also being made with centrifuges, but 
because of the fineness of the material, the only 
type holding a prospect of success is the solid bowl 
centrifuge. The tailings can be dewatered to a mois- 
ture content of 30 to 35 pct and, in exceptional cases, 
even less. But this product is still too fluid, for it 
sticks to rubber belts and to the walls of bin wagons. 

A partial solution to the problem is the old method 
of running tailings into a settling basin where the 
coarser particles will settle and be discharged by 
means of a perforated bucket elevator. The sandy 
material discharged from the buckets can be ad- 
mixed to the washery refuse without difficulties, but 
the disposal of the sump overflow still remains a 
problem. 

Recently this method has been markedly improved. 


A new plant has been put into operation recently at 
the Emil Mayrisch colliery near Aachen, and only 
time will determine how the new method will affect 
the behavior of the wasteheap. Reagents with a very 
high flocculating effect are added to the tailings in 
a very large settling tank. Most of the solids are 
flocculated and will settle. They are discharged by 
means of an elevator whose buckets are lined with 
a 2-mm sieve cloth. The coarse tailings discharged 
from these buckets are mixed with broken washery 
refuse at a ratio of 1:1 up to 1:2.* The resulting 


*The overflow of the settling tank runs into a thickener; its under- 
flow, with a very high solids concentration, is pumped into the mixer. 


product discharged from this mixer is a crumbly 
mass which can be transported without difficulties 
to the waste heap by belt conveyor. The efficiency 
can still be improved by addition of flyash or simi- 
lar material. 

Whatever the method of tailings disposal, the 
costs are always very high and can equal or even 
exceed the cleaning costs. Other efforts are being 
made, therefore, to improve the economy of the 
flotation plants by transforming the tailings into use- 
ful products. It has been proposed to make cement 
or bricks from tailings of suitable chemical com- 
position, but these attempts were given up after the 
first stage of the experiments because the products 
obtained were not competitive in the market. Re- 
cently, tests have begun with a view to sintering the 
tailings and making cinder blocks from the very 
hard, slaggy sintered material. This process is 
still under trial. 

It has been proposed to run flotation plants in such 
a way that they produce a very clean concentrate 
and tailings with an ash content not exceeding 40 pct 
which could be used as boiler fuel. In such a case 
it would be possible to stockpile the tailings but the 


Table I. Costs of Coal Flotation in Western Germany, 1960 


Tailing 
Treatment Disposal? 
Cleaning! of Froth2 (in Ponds) 
Total Costs in DM per ton 1.27 1.26 5.41 
Contributing Cost Factors 
(Pct of Total Costs) 
Capital expenditure including 
interest, depreciation 21.2 pot 20.6 pet 19.2 pct 
Labor 13.4 11.9 64.0 
Power Consumption 27.6 43.7 9.8 
Reagents 23.6 9.5 
Other material 9.5 4.8 - 
Maintenance 4.7 9.5 3:9 
100.0 pct 100.0 pct 100.0 pct 


1Covers costs of transportation of feed pulp, conditioning, addition 
of reagents and operation of flotation cells. _ 

"Includes cost of transportation of froth from flotation cells to the 
filters and operation of the filters and addition of reagents. 

3Costs calculated on basis of dewatering in settling ponds and ex- 
cavation of contents. As a rule, excavation of settling ponds are done 
by contractors; cost for this work is included in Labor which accounts 
for the high percentage of total costs for tailings disposal. According 
to available data, costs of other methods of tailings disposal are as 
follows: filter presses, DM 8; solid bowl centrifuges (which do not 
produce final products), DM 2; settling basins with bucket elevators 
and tailings mixed with crushed washery refuse, DM 3. 
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loss of cleaned coal would be so high that the whole 
process would no longer be economic. 


COST OF COAL FLOTATION 


In conclusion it seems appropriate to mention the 
costs of flotation in Germany. The figures are given 
in German currency, since conversion of Deutsch 
marks into dollars using the official rate of exchange 
would not lead to comparable figures because of the 
different cost factors (e.g., wages are certainly not 
the same in the U.S. as in Germany). 

The figures in Table I have been calculated partly 


Heavy Media Grinding 


Gontation devices such as rod or ball mills are 
characteristically nonselective in their operation 
in that all material fed to a mill is ground to some 
extent. This is unfortunate when the object of com- 
minution is liberation, for not only is energy ex- 
pended in breaking pure gangue particles wasted, 
but, since gangue is frequently the predominant 
phase, the opportunity for such loss is great. Ideally, 
in this application a comminuting device should de- 
velop fracture only in locked particles. In the pres- 
ent investigation an attempt was made to use the 
large density difference which may exist between 
minerals to prevent comminution of one while grind- 
ing the other. 


EXPERIMENTAL MATERIALS AND EQUIPMENT 


The two minerals used in this work were —8-mesh 
galena and —8+ 20-mesh quartz. All tests were made 
on 2000-g charges containing 50 pct by weight of 
each mineral. Heavy media suspensions consisted 
of -—100-mesh ferrosilicon in water. 

For grinding, a laboratory mill 10 in. diam by 12 
in. long was filled to about 30 pct of its volume with 
either a ball or a rod charge. The balls ranged in 
size from 3/8 to 1 1/8 in. in diam; the rods ranged 
from 5/8 to 1 1/4 in. diam by 11 in. long. 


EXPERIMENTAL PROCEDURE 


In all tests employing heavy media, the ground 
pulps were treated as follows: 1) After recovering 
the ground charge from the mill but before drying, 
the pulp was wet screened on 200 mesh. 2) After 
drying the + 200-mesh product from step 1, the 
ferrosilicon was removed magnetically. 3) The non- 
magnetic quartz and galena product from step 2 was 
sized on 10-mesh through 200-mesh screens. 4) The 
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from the results obtained in the 32 German washer- 
ies mentioned at the beginning of this paper and 
partly in the light of the latest experience. All fig- 
ures are on a dry basis. 

As a rule, 100 tons of feed to the flotation plant 
will be split approximately into 80 pct concentrate 
and 20 pet tailings by weight. Using this proportion 
as a basis, the total cost per ton of feed to the flota- 
tion plant is DM 3.36. 

Although problems still remain to be solved, the 
present state of coal flotation in Western Germany 
gives promise for the future of that nation’s coal 
industry. 


by H. J. Oberson and J. H. Brown 


mineralogical composition of each screen fraction 
was determined by measuring its specific gravity. 
The specific gravity was related to the weight of 
galena in the fraction through the relationship 


Wr Pe 


(We) * (Wer We) 

where Wy and Wg are the weights of the fraction and 
of the galena in the fraction; and P,, Pg, and P¢ are 
the specific gravities of the fraction, of the quartz, 
and of the galena, respectively. 

Although the rod mill tests were made with a single 
volume of water or media (1330 cu cm), ball mill 
tests were made with 1300, 2200, and 5500 cu cm of 
fluid to test the effect of liquid volume on the selec- 
tivity of grinding. These levels corresponded to 12, 
20, and 50 pct of the mill volume (including voids). 
Media densities ranged from 1.0 to 3.5 g per cu cm 
and all tests involved grinding of the standard charge 
for 7 min in the rod mill or 11 min in the ball mill. 

For simplicity and convenience, the energy di- 
rected to grinding under the various operating con- 
ditions was expressed in terms of the energy re- 
quired to grind in water alone. That is, for each mill, 
charges were ground in water for various lengths of 
time to give data from which curves relating prod- 
uct size and grinding time could be obtained for both 
the quartz and the galena fraction. Then for any 
given test it was necessary only to refer the product 
size to the appropriate size-time curve to determine 
the equivalent grinding time — i.e., the grinding time 
in a conventional mill required to obtain the same 
size reduction. 


EXPERIMENTAL RESULTS AND DISCUSSION 


The curves of Fig. 1 show the amounts of -—200- 
mesh quartz and galena in the products of all tests. 
Due to its greater hardness, the curves for quartz 
lie considerably below the corresponding galena 
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Fig. 1—Amount of -200 mesh in products of various 
grind tests. Dashed curves represent results for 
galena and solid curves, quartz. Test-condition sym- 
bols are: circles, 1330 cu cm liquid in ball mill; 
squares, 2200 cu cm liquid in ball mill; open tri- 


angles, 5500 cu cm liquid in ball mill; solid triangles, 


1330 cu cm liquid in rod mill. 


curves. It is clear that appreciably different results 
were obtained with different grinding conditions, but 
from these data it is difficult to identify those con- 
ditions under which grinding was selective toward 
one mineral. To assist in identifying selective grind- 
ing the relative energy inputs to the various grinding 
charges measured as described earlier are pre- 
sented for ball mill tests in Fig. 2 and for rod mill 
tests in Fig. 3. 

The curves of Fig. 2 show that galena was ground 
in preference to quartz in most cases with liquid 
volumes of about 20 pct of mill volume showing high- 
est selectivity, and with maximum selectivities oc- 
curring with media densities between 2.0 and 3.0 g 
per cucm. At the same time, however, it is clear 
that an increase in the density of the media resulted 
in decreased grinding of both minerals. For example, 
the charge ground in the ball mill in 2200 cu cm of 
media having a density of 2.0 g per cu cm resulted 
in almost twice as much energy going to galena as 
to quartz; but still this represented only about 90 
pct of the energy expended on galena in water. Un- 
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Fig. 3—Rod mill grinding time required to yield prod- 
uct size obtained by grinding in high density liquid. 
Dashed curve and open triangles are data for 1330 
cu cm quartz and solid curve and triangles, 1330 cu 
cm galena. 
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DENSITY OF GRINDING LIQUID 
Fig. 2—Ball mill grinding time required to yield prod- 
uct size obtained by grinding in high density liquid. 
Dashed curves represent results for galena and solid 
curves, quartz. Test-condition symbols are: circles, 
1330 cu cm liquid in ball mill; squares, 2200 cu cm 
liquid in ball mill; triangles, 5500 cu cm liquid in 
ball mill. 


fortunately this energy reduction was not matched 
by a reduction in the total energy applied to the 
grinding unit for attempts to measure the power 
draught of the grinding mill motor under the var- 
ious test conditions showed no detectable difference 
in power input with increased mill load. Thus the 
data show that increased selectivity was accom- 
panied by a decrease in that portion of the energy 
supplied the mill which was directed toward grind- 
ing. 

The curves of Fig. 3 show that for the rod mill 
less grinding occurred at higher media densities, 
but also that little or no selectivity existed at any 
density. 

In both the rod mill and the ball mill, it is prob- 
able that increasing the pulp density resulted in 
more energy being expended to move the pulp and 
the rods or balls and that both heavier liquids and 
large liquid volumes tended to float the steel. How- 
ever, the significant item to be gained from the data 
does not deal with these mechanisms so much as 
with the rate at which they were effective in reduc- 
ing the grinding accomplished. The curves all 
indicate that small differences in the dilution of a 
mill feed may result in appreciably different op- 
eration of the mill. This may account for some of 
the scatter in published grindability data. Certainly, 
it does point up the necessity of maintaining con- 
stant operating conditions when extrapolating labora- 
tory results to full operating scale. 
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COAL CHARACTERISTICS AND THEIR RELATIONSHIP 
TO COMBUSTION TECHNIQUES 


The relationship of coal characteristics to the principal types of firing equip- 
ment has been known to the coal combustion engineer, but is not as familiar a 
subject for purchasing agents, salesmen, consumers, and executives of coal- 
producing and consuming companies. This general survey of characteristics 

determined by standard laboratory tests, of major types of combustion tech- 

niques, and of the relationships between the two is directed toward the latter 

audience. It will also serve as a review for those actively engaged in the 


combustion of coal. 


i Wasa the relationship of coal characteristics to 
the principal types of firing equipment is well 
known to the experienced coal combustion engineer, 
apparently there is need for a summary article on 
this subject. The author has received numerous re- 
quests for such a paper from purchasing agents, 
coal salesmen, coal customers and executives of 
coal-producing and consuming companies. Conse- 
quently, the scope of this paper will be directed to 
this audience, with the hope that it may serve also 
as a review to others actively engaged in the com- 
bustion of coal. 

The magnitude of this subject is so great that only 
a brief general treatise is possible. The author 
realizes that because there are so many special 
cases and exceptions to the generalities which fol- 
low, he is in jeopardy of contradicting himself. It is 
the hope, however, that the many references cited 
will prove valuable to those who wish to study the 
details excluded by necessity, due to space and time 
limitations. Hence, the characteristics of coals as 
determined by standard laboratory tests will be dis- 
cussed; the major types of combustion techniques 
reviewed; and then the characteristics and firing will 
be related. 


CHARACTERISTICS OF UNITED STATES COALS 


The coals of the United States range from lignite 
to anthracite and each has its own general charac- 
teristics. The extensive coal fields of the U.S. are 
shown in Fig. 1 and the estimated reserve according 
to rank for each state is illustrated in Fig. 2. Coals 
may be classified according to rank as shown by 
Table I from the ASTM Standards on Coal and Coke, 
D-338-38.' The basis of this classification is ac- 
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cording to fixed carbon and heating value (Btu per 
pound) calculated to a mineral- matter-free basis. 
The high-rank coals are classified according to fixed 
carbon on the dry basis; and the low-rank coals ac- 
cording to Btu on the moist basis. Agglomerating 
and slacking (weathering) indices are used to differ- 
entiate between certain adjacent groups. While rank 
is not itself a characteristic it does signify certain 
characteristics that accompany a class of fuel. 
Anthracite, for example, immediately implies a 
hard, free-burning, smokeless coal of low volatile 
matter, usually having an ash of high fusibility. 

Coals may also be classified according to grade 
as described by ASTM Designation D-398-37.’ This 
quality classification is determined by size, calo- 
rific value, ash, ash-softening temperature, and sul- 
fur. This type of classification is not used as exten- 
sively by the industry as the rank classification. 
Fig. 3 shows the heat value of different ranks com- 
pared to proximate analyses. 

Coals may also be classified by sizes, as shown 
in Tables IIA and IIB, and sizes can be on both top 
and bottom limits. If this is done, then the coal is 
called double screened; otherwise, either top or 
bottom sizes can be specified as a limit. Bituminous 
coal sizing varies from field to field and depends 
upon the market demand. The common sizes and 
their main uses are outlined in Table IIA. Anthra- 
cite is usually available in many sizes at the col- 
liery, and Table IIB summarizes standard sizes 
and names. 

Although rank, grade, and size designations help 
identify and describe a coal in question, there still 
remain other characteristics such as indicated by 
moisture, free swelling index, grindability tests, etc. 
A bituminous coal information chart (Table III) sug- 
gested for use in studying the available coals in a 
region, lists origin and chemical and physical 
characteristics. Even this more comprehensive list 
does not completely spell out all the characteristics 
of a heterogenous material like coal. For example, 


/ 
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Fig. 1—Major U. Sh coal fields. Shaded areas are; 1) anthracite (anthracite and.semianthracite, solid area), 
2) low volatile bituminous, 3) medium volatile and high volatile bituminous, 4) subbituminous, and 5) lig- 
nite. 


Table I.* Classification of Coals by Rankt 


Limits of Fixed Carbon (FC) or Btu Requisite Physical 
Class Group Mineral-Matter-Free Basis Properties 
1) Meta-anthracite Dry FC, 98 pct or more (dry VM,¢+ 2 pct or less) 
Ye: 2) Anthracite Dry FC, 92 pct or more and less than 98 pct 
Anthracitic (dry VM, 8 pct or less and more than 2 pct) 
3) Semianthracite Dry FC, 86 pct or more and less than 92 pct Nonagglomerating§ 
(dry VM, 14 pct or less and more than 8 pct) 
1) Low volatile bituminous Dry FC, 78 pct or more and less than 86 pct 
(dry VM, 22 pct or less and more than 14 pct) 
2) Med. volatile bituminous Dry FC, 69 pct or more and less than 78 pct 
(dry VM, 31 pct or less and more than 22 pct) 
Bituminous tt 3) High volatile A bituminous Dry FC, less than 69 pct (dry VM, more than 
31 pet); and moist** Btu, 14,000++ or more 
4) High volatile B bituminous Moist** Btu, 13,000 or more and less than 14,000++ 
5) High volatile C bituminous Moist Btu, 11,000 or more and less than 13,000+¢ Either agglomerating 
or nonweathering§§ 
1) Subbituminous A Moist Btu, 11,000 or more and less than 13,0004+ Both weathering and 
nonagglomerating 
Subbituminous 2) Subbituminous B Moist Btu, 9500 or more and less than 11,000++ 
3) Subbituminous C Moist Btu, 8300 or more and less than 9500++ 
= 1) Lignite Moist Btu, less than 8300 Consolidated 
Lignitic 2) Brown coal Moist Btu, less than 8300 Unconsolidated 


*Coal Resources of the U.S., Circular 2931, Geological Survey, Dept. of Interior. 
+This classification does not include a few coals which have unusual physical and chemical properties and which come within the limits of 
fixed carbon or Btu of the high-volatile bituminous and subbituminous ranks. All of these coals either contain less than 48 pct dry, mineral-matter- 
free fixed carbon or have more than 15,500 moist, mineral-matter-free Btu. 
tVM is volatile matter. 
sIf agglomerating, classify in low-volatile group of the bituminous class. 
**Moist Btu refers to coal containing its natural bed moisture but not including visible water on the surface of the coal. 


ttIt is recognized that there may be noncaking varieties in each group of the bituminous class. 
ttCoals having 69 pct or more fixed carbon on the dry, mineral-matter-free basis shall be classified according to fixed carbon, regardless of Btu. 


§§There are three varieties of coal in the high-volatile C bituminous coal group, 
agglomerating and weathering; Variety 3, nonagglomerating and nonweathering. 


namely, Variety 1, agglomerating and nonweathering; Variety 2 
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Fig. 2—Remaining coal reserves of the U. S. as of 
Jan. 1, 1953, shown by states according to tonnage 
and heat value. Notes: 1) Conversion factors for 
quadrillions of Btu are: anthracite, 12,700 Btu per 
lb; bituminous coal, 13,000 Btu per 1b; subbitumi- 
nous coal, 9,500 Btu per 1b; and lignite, 6,700 Btu 
per lb. 2) Reserve estimate of states in capital 
letters supersede earlier estimates by M. R. 
Campbell. 3) Reserve estimate of states in lower 
case letters were prepared by, or under the direc- 
tion of, M. R. Campbell prior to 1928. 4) Other 
states include Arizona, California, GEORGIA, 
Idaho, Louisiana, MICHIGAN, NORTH CAROLINA, 
and Oregon. The upper bar for each state shows 
coal reserves by tons; the lower bar shows coal 
reserves by Btu. For source see Fig. 3. 


plastic properties, frequently referred to as the 
caking behavior, are lacking. Frankly, tests de- 
scribing this quality or behavior have in the past 
defied predicted performance on the various types of 
combustion equipment. The Bituminous Coal Re- 
search laboratory is currently conducting an inves- 
tigation regarding the plasticity of coals’ behavior 
during combustion in beds. Likewise the ignitibility 
or reactivity index of coals remains somewhat of a 
mystery and only limited correlation between labora- 
tory test results and plant combustion has been ob- 
tained. The ignition temperature of coal is an em- 
pirical rather than an absolute value and depends 
almost entirely upon the test used and the combus- 
tion technique employed. Volatile matter on a 
dry-ash-free basis is itself as good an indicator of 
ignitibility as are most tests. Although a substan- 
tial amount of research work has been devoted to 


114 


Table IIA. Sizes of Bituminous Coal and Their Application 


No screening, as if from mine. Used for 


1) Run of Mine (ROM) 
domestic and power plant markets. 


2) 5-in. lump Size not passing a 5-in. round screen opening. 
Used for hand-fired domestic and industrial 
markets. 

3) 5x2 egg Size that passes 5-in. opening but is retained 


on 2-in. opening. Used in gas producers, 
domestic markets. 

Size passing 2-in. hole screen but retained on 
a 1%4-in. screen. Used in small industrial 
stokers and domestic markets. 


4) 2«1% nut 


Size passing 1%-in. hole but retained on a 
¥-in. opening. Small industrial stokers and 
domestic markets. 


Size passing through %/-in. hole screen. 
Used for pulverized coal units and industrial 
stokers. 


5) 14% stoker 


6) %-in. by 0 slack 


Table IIB. Standard Anthracite Sizes and Trade Names 


Trade Name, Round Hole Mesh, Trade Name, Round Hole 
Larger Sizes In. Buckwheat Sizes Mesh, In. 
Broken 4%, to 3 or 3% No. 1 AO te 
Egg 3 of 3%, to No. 2 (Rice) 
Stove to 17, No. 3 (Barley) Ueto 
Pea No. 5 Through %, 


the subject of ignitibility, no ASTM method is avail- 
able to calibrate this important characteristic. The 

Coal Combustion Laboratory, Dept. of Fuel Technol- 
ogy, The Pennsylvania State University, has recently 
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Fig. 3—Heat value of coal of different ranks com- 
pared to approximate analysis. Data: Coal Re- 
sources of the United States, Circular 2931, Geo- 
logical Survey, U. S. Dept. of the Interior. 
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Fig. 4—Free-swelling index of 4500 coals purchased 
by the U. S. Government, 1948-1957, according to 
analyses by USBM. Data: H. J. Rose, Bituminous 
Coal Research Inc., Pittsburgh, Aug. 25, 1958. 


initiated a research project to study the ignitibility 


of Pennsylvania bituminous coals in an effort to cor- 


relate this illusive characteristic with combustion 
performance. 

Rose™ 
of U.S.A. Coals and Causes for the Wide Range in 
Values. Fig. 4 shows the magnitude and distribution 
of the free-swelling index (FSI) according to the 18 
major coal producing states for 4500 coals pur- 


chased by the U.S. Government 1948-57 (U.S. Bureau 


of Mines analyses). Many combustion engineers 
attempt to predict performance by the use of FSI, a 
rather simple test. Extreme caution must be used, 
however, when this is done as close confirmation is 
required and then only limited success can be ex- 
pected. The combination of FSI and size consist is 
being used more and more in conjunction with com- 
bustion performance to assist in the selection of 
coals, particularly for traveling grate stokers. ike 
consist is a most important characteristic. Pater? 
ably describes this: ‘‘Size consist is the proportion 
of each group of particles within specified size 
limitations, from small to large, which in the ag- 
gregate make the whole.”’ 

De Lorenzi® states, ‘‘The most outstanding burning 
characteristics of coal are the properties of caking 
exhibited by some coals and its opposite, free- 
burning, shown by others. These two properties, 
more than any other factors govern the selection of 


recently discussed the Free-swelling Index 


Table III. Combustion Equipment Specifications * 
and Design Factors 


Bituminous Coal Specifications for Combustion Equipment* 


Producing Dist. No. 
State 

Coal Region 

Seam 

Originating Railroads 
Transportation Charges 
Delivering RR. or Dock 


ORIGIN 


SIZE 
g el Surface Moisture Dry Dry Dry Dry 
n | Moisture 00.0 00.0 0 D 
Ash 
5 Ax Total (100%) 100.0 100.0 100.0 100.0 
x Sulphur 
B.T.U,. (As Loaded) 
Fired) 
Carbon 
2 an Hydrogen (H 
[Oxygen (0 
Ss Nitrogen (N 
B= [Ash 
| Sulphur (S) 
PS Total (100%) 
e,0, (% Ash) 
Ash—Initial Def. Deg. F. 
8 Ash Softening Temp. Deg. F. 
,& Ash Fluid Temp. Deg. F. 
Top Size 
| Bottom Size 
= % Oversize 
Undersize 
or No. 8 Sieve 
5 Free Swelling Index 


Grindability Index (Hardgrove) 


Combustion Equipment Basic Design Factorst 


*Utilization flexibility for the proposed combustion equipment is 
determined from the average characteristics shown in the first section, 
which constitute the range in quality of typical coals and sizes eco- 
nomically available at the destination indicated. Performance guaran- 
tees are calculated on one coal and steaming capacities specified for 
each of the others. 


Maximum Moisture 
Maximum Ash 

Minimum Ash 

Maximum Volatile 
Minimum Volatile 
Minimum B.T.U. (As Fired) 


Maximum A.S.T. 

‘Minimum A.S.T. 

‘Maximum Grindability 
Minimum Grindability 
Maximum Top Size Probable 
Min. Top Size To Be Used 
Max. Fines—,” or No. 8 Sieve 


DESTINATION; 
EQUIPMENT PROPOSED: 
STEAM CAPACITY: 


tThe maximum and minimum values in this section are determined 
largely from the average quality data shown in the first section of this 
table. Combustion equipment designed around these factors will pro- 
vide the necessary utilization flexibility for long range economy. 

tE. C. Payne, formerly Consulting Engineer, Consolidation Coal Co. 


coal-burning equipment. As important as this 
characteristic is, it must be admitted that there is 

no test which will permit its precise evaluation in the 
laboratory. The free-swelling index test is an 
approach to describing this characteristic but it is 

by no means an absolute value.”’ 

Caking coals, when heated in a furnace, pass 
through a plastic state during which the individual 
pieces fuse together. Free-burning coals do not 
fuse together when heated but tend to burn in sepa- 
rate pieces. Thus it is apparent that there are many 
gradations between the two extremes of caking and 
free-burning and for lack of something better, such 
general terms as heavy, moderately coking, and 
matting are used. 

Unquestionably, the constituents of the ash are 
coming more and more under the scrutiny of the coal 
customer, equipment designer, and combusion engi- 
neer. The maintenance of furnace walls and tubes as 
a result of fireside deposits has captured the atten- 
tion of all who are affiliated with such troublesome 
problems. While ash characteristics fall into a class 
by itself and are separate from burning characteris- 
tics, nevertheless they must be considered in the 
overall operation of the steam generator. No at- 
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tempt will be made to cover this complex problem 
which still requires much additional investigative 
work. Cyclone firing has emphasized the importance 
of slag viscosity of coal ash. The Babcock and Wil- 
cox Co. has released instructions for Evaluation of 
Slag Viscosity Characteristics of Coal for Cyclone 
Firing.* 

Barkley* compiled information supplied by an 
ASTM D-5 Coal and Coke Subcommittee XVII on the 
Significance of Laboratory Tests of Coal and Coke 
for Combustion. This comprehensive study spells 
out the importance of laboratory results with types 
of firing. In many cases, however, certain test re- 
sults do not have any definite significance for the 
type of firing under discussion. Barkley states, 
‘“The purpose of these papers is to answer, in so 
far as practicable, questions as to the significance of 
ASTM laboratory tests in the combustion of coal and 
coke. Attempt is made to show in what way these 
tests may be of value in connection with the use of 
the fuel. It should be realized that the subject matter 
is not scientifically clean-cut and definite, and in 
many instances the best that can be written is only 
relative or indicative.’’ The laboratory tests and 
classifications that were considered by Barkley et al. 
are shown in Table IV. 

The most important characteristics of coal then 
are: degree of caking, size consist, moisture con- 
tent, physical hardness, ash characteristics, volatile 
matter, and ash content. These affect combustion 
and the selection of a combustion technique best 
suited for a particular coal. Admittedly, fuel costs 
often strongly influence the selection of the type of 
coal or equipment, and coal users are sometimes 
willing to sacrifice optimum performance to gain an 
economic advantage. 


COMBUSTION TECHNIQUES 


The fundamental combustion techniques are fuel 
bed burning, suspension burning, and cyclone burn- 
ing. Basic fuel beds may be defined as follows:”° an 
underfeed bed is one in which the fuel and air move 
in the same direction, in contrast with an overfeed 
bed in which the fuel and air move in opposite direc- 
tions, and the cross-feed bed in which the fuel moves 
in a direction normal to the flow of air. Some com- 
bustion engineers prefer to classify the traveling 
stoker fuel bed as the front-feed method, while 
others call it an overfeed bed. Thus, there exists a 
difference of opinion and terminology amont com- 
bustion engineers. There are few decisive exam- 
ples of these basic fuel beds in the modern indus- 
trial stoker. The single and multiple retort stokers 
are examples of the underfeed bed; the spreader 
stoker, the overfeed bed; and the traveling grate, the 
cross-feed type. In reality, most stoker fuel beds 
embody more than one basic type. 

The spreader stoker combines suspension burning 
with overfeed fuel bed firing and the amount of each 
present will vary according to the percentages of 
fines present in the coal. Pulverized coal firing, on 
the other hand, employs true suspension burning. 
Cyclone firing falls into a class by itself. Crushed 
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Table IV. Laboratory Tests and Classifications 


Laboratory Tests on Bituminous Coal 


1) Proximate analysis: H,O, volatile matter-fixed carbon-ash 
2) Ultimate analysis: C-H-O-N-S-ash 

3) Calorific value: Btu 

4) Fusibility of ash: initial deformation-softening-fluid 
5) Analysis of ash: phosphorus 

6) Fineness of powdered coal: size consist 

7) Grind ability 

8) Drop-shatter test: size stability and friability 

9) Tumbler test: friability 
10) Screen analysis: size consist 
11) Weight per cubic foot of crushed coal 
12) Dustiness of coal 

13) Free-swelling index 
14) Agglutinating value 


Classification 


15) Rank: low and medium-volatile bituminous, high-volatile A bitumi- 
nous, etc. 
16) Variety: common banded, splint, cannel, and boghead 


Laboratory Tests on Anthracite 


1) Proximate analysis: H,O, volatile matter-fixed carbon-ash 
2) Ultimate analysis: C-H-O-N-S-ash 

3) Calorific value: Btu 

4) Fusibility of ash: initial deformation-softening-fluid 

5) Analysis of ash: phosphorus 

6) Fineness of powdered coal: size consist 

7) Grindability 

8) Screen analysis: size consist 


Laboratory Tests on Coke 


1) Proximate analysis: H,O, volatile matter-fixed carbon-ash 
2) Ultimate analysis: C-H-O-N-S-ash 

3) Calorific value: Btu 

4) Fusibility of ash: initial deformation-softening-fluid 
5) Analysis of ash: phosphorus 

6) Volume of cell space of lump coke 

7) Drop-shatter test: property to withstand breakage 

8) Tumbler test: resistance to degradation by abrasion 
9) Sieve analysis: size consist 

10) Weight per cubic foot 

11) Dustiness of coke 


coal (1/4x 0) is introduced tangentially into an in- 
clined water-cooled cylinder, where a high speed 
whirling action of the heated combustion air and en- 
trained coal attains very high furnace temperature 
and heat releases. The cyclone furnace does not 
have a conventional fuel bed but the coal is partly 
burned in suspension and partly as it adheres to the 
molten slag-lined cylindrical furnace. 


REVIEW OF INDUSTRIAL COAL 
BURNING EQUIPMENT 


There are six basic industrial coal burners mar- 
keted today.'%° They are: single retort underfeed 
stokers, multiple retort underfeed stokers, spreader 
stokers, traveling stokers, pulverized coal burners, 
and cyclone furnaces. There is considerable over- 
lapping of both the generating capacity and the type 
of fuel that these machines will handle. All factors 
must be weighed carefully and even then the experts 
cannot always agree what is best for a given situa- 
tion. Recently, special kinds of small stokers such 
as the Fire-Jet stoker and the oscillating or vibrat- 
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Table V. Guide to Stoker Application !3 


Types of Coal 


Stoker 


Typical Recommended 


Typical Allowable Burning 


Rates per Sq Ft of Nominal Range of Boiler Capacity, 


Coal Sizing 


Grate Area per Hr 


b Steam per Hr 


Anthracite and semi- 
anthracites 


Bituminous coal caking 
type 


(Eastem areas) 


Bituminous coal 
Free-buming type 


(Midwestern areas) 


Westem subbituminous 


Coals and lignites 


Single-retort underfeed 
(special design) 


Traveling grate 


Single-retort underfeed 
(stationary grate) 


Single-retort underfeed 
(moving grate) 


Spreader 


Spreader 
Chain grate 
Single-retort underfeed 


Spreader 


Traveling grate 


Nos. 1 and 2 Buck 


Nos. 3 or 4 Buck 


2-in. nut & slack* 
2-in. nut & slack* 


1% to 1% in. nut & 
slack* 

%4-in. nut & slack* 

l-in. nut & slack* 

1 to 14%-in. nut & 
slack* 

1% or 1%4-in. * 


l-in. nut & slack* 


16 to 24 lb depending on 
stoker width** 


320,000 Btu 
20 to 25 lb depending on 
stoker width** 


20 to 35 lb depending on 
stoker width** 


550,000 Btu 


550,000 Btu 

500,000 Btu 

20 to 30 lb depending on 
stoker width** 

550,000 Btu 

500,000 Btu 


1,000 to 10,000 


10,000 to 200,000 
1,000 to 10,000 


1,000 to 35,000 


5,000 to 200,000 


5,000 to 200,000 
10,000 to 200,000 
5,000 to 30,000 


5,000 to 200,000 
10,000 to 200,000 


*Not more than 50 pct slack should pass through %4-in. round mesh screen. 


**Allowable burning rate varies with stoker width. 


ing stoker have reached the market. Intended for 
the commercial and small industrial market, they 
employ the cross-feed-type bed, and will compete 
with the single retort stokers. These new stokers 
will not be discussed in this paper. 

Single Retort Underfeed Stokers (Side-Dump): This 
well known machine is the oldest member of the 
family. It employs the underfeed bed and is charac- 
terized by a single retort. In addition to the pri- 
mary feeder which may be either a screw or a ram, 
there is also a secondary distributing ram. More- 
over, the machine may have a moving or fixed grate 
bar with or without a dump grate. The mechanical 
interpretation of this method of burning coal differs 
in constructional details among the various manu- 
facturers. Although this method of combustion has 
been established for over 50 years, constant ad- 
vances have been made in the simplification of ma- 
chinery, drives, and the use of modern metals. 
There has also been a special effort to reduce 
maintenance through improved design. The single 


retort stoker has been built to serve boilers up to 
40,000 lb steam per hr but they are now generally 
sold for capacities of less than 30,000 lb steam per 
hr. Anthracite stokers are most popular in the 
range of 1,000 to 10,000 lb steam per hr and use 
Nos. 1 and 2 buckwheat coal. Bituminous stokers 
with stationary grates usually handle boilers up to 
10,000 lb steam per hr, while the moving grate bars 
which allow a better distribution on wider width of 
furnace, will go up to 35,000 lb steam per hr with 
caking and free burning coals. The importance of 
the single retort stoker in the overall combustion 
picture cannot be minimized and numerically, they 
exceed all other stokers. For certain types and 
sizes of boilers and load conditions, there is no 
other machine which can be substituted for it. Table 
V summarizes data for all stokers and Table VI 
summarizes the relationship of ranks of coal to 
method of firing. 

Multiple Retort Underfeed Stokers (End- Dump): 
These heavy duty stokers, once the top favorite in 


Table VI. Industrial Combustion Equipment Applications?! 


Types of Coal for Range of Boiler Capacity in Lb of Steam Per Hr 


Bituminous-Caking 
(Eastern Area) 


Method of Firing Anthracite 


Subbitumineus and 


Bituminous, Free- 
Lignites (Western) 


Burning (Midwestern) 


Single-retort underfeed 1,000 to 10,000 


Multiple-retort underfeed 
Spreader stokers 
Traveling grate 10,000 to 200,000 
Grain grate 


Pulverized coalt 60,000 to 1,000,000 


Cyclone furnace+ 


1,000 to 35,000 
30,000 to 500,000 

5,000 to 200,000 
10,000 to 200,000* 


60,000 to 1,000,000 
and over 


75,000 to 350,000 
per furnace 


5,000 to 30,000 


5,000 to 200,000 
10,000 to 200,000 


5,000 to 200,000 


10,000 to 200,000 
60,000 to 1,000,000 


and over 


75,000 to 350,000 
per furnace 


60,000 to 1,000,000 
and over 


75,000 to 350,000 
per furnace 


*Limited case. 
+Steaming range may exceed maximum figures shown. 


+Certain coals with proper ash fusion. 
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central heating and power stations, have been pushed 
to the background in new sales. First, pulverized 
firing supplanted these machines in the large capac- 
ities of 200,000 lb steam per hr up. Later the 
spreader stoker followed and because of its lower 
first cost, lower maintenance and greater flexibility, 
was given preference in the 200,000 lb steam per hr 
down category. However, numerous multiples are 
still consuming large quantities of coal. 

The fundamental principle of underfeed firing is 
preserved to a large extent in the multiple machine 
but the construction of the single and the multiple 
stokers is decidedly different. Coal fired in the 
multiple machine flows from an elevated point at the 
front boiler to a lower point at the bridgewall. Thus 
the flow of coal is in a straight line whereas in the 
single retort, the coal not only flows from front to 
back, but from side to side. The multiple retort 
also operates with rather thick fuel beds, the depth 
varying from 12 to 24 in. The steaming range of the 
multiple retort stoker extends anywhere from 30,000 
to 500,000 lb steam per hr. 

There are three main methods of ash discharge: 
the older dump type, the rotary ash discharge, and 
the continuous ash discharge. Many existing plants 
are modernizing or rehabilitating these machines. 
Such important accessories as armored sidewall 
cooling tuyeres, overfire air, zoning of air, rear 
arches, preheated air, and automatic ash removal 
are being added. One very decided advantage of this 
stoker is its very low stack discharge. 

Spreader Stokers: The spreader stoker reached the 
market some 30 years ago, and it has soared rapidly 
in sales. Spreader stoker firing combines the prin- 
ciple of suspension burning and the nonagitated fuel 
bed. The coal is mechanically thrown or pneumati- 
cally blown from a point above the bed so as to 
spread the fuel evenly over the grate. The ultra- 
fines are burned in suspension while the larger par- 
ticles reach the grate in an oxidized condition, there 
to be consumed by undergrate air. Due to this pre- 
oxidation or partial burning of the coal during the 
feeding operation, caking or noncaking characteris- 
tics have little or no effect on the performance of 
this stoker. 

Spreaders may be purchased in capacities from 
5,000 to 200,000 lb steam per hr and up. In the 
smaller units pneumatic firing dominates, while in 
the larger ones the mechanical spreaders prevail. 
The grates for this machine may be of the sta- 
tionary, dumping, or continuous discharge type. 

The stationary type is most generally used when the 
ash content of the coal is low and the steaming ca- 
pacity in the low range. The middle range uses the 
dump-type grate, whereas the larger range uses the 
continuous ash discharge grate. About 1939, the 
combination of spreader firing with the reverse 
traveling grate resulted in an extremely successful 
development. The furnaces for these stokers must 
be large enough for the fines and volatile matter to 
burn out before entering the tube passages, and the 
furnace unit heat liberation must not be too low else 
poor ignition and smoke result during low load. 

Poor engineering and lack of adequate dust collec- 
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tors have often resulted in very disappointing per- 
formance. With some installations the cinder loss 
is so great that unless it is collected and reinjected 
into the furnace, not only will efficiency suffer but a 
definite public dust nuisance will result. Overfire 
jets have been applied with great success using 
either steam or compressed air to increase the 
turbulence and thus reduce smoke. Most of the new 
stokers today are installed with built-in overfire 
jets. 

Traveling Stokers: The traveling-type stoker re- 
sembles and is, in fact, an endless conveyor. The 
topside supports the fuel bed and is composed of 
cast iron sections or keys attached to carrier bars 
which are in turn connected to the drive chain. The 
coal is uniformly spread on the flat, slow moving 
grate carrying the green coal from the hopper 
through zones of drying, heating, distillation, igni- 
tion, intense combustion, and finally the burning 

out zone. The ashes are spilled over the opposite 
end of the firebox from the feed hopper. The thick- 
ness of the bed is adjusted by the depth feed regu- 
lator near the hopper and the speed is so regulated 
as to allow the fuel to be completely spent before it 
leaves the furnace. There even seems to be renewed 
interest in the traveling stoker for the caking coals 
with swelling indexes up to 7 1/2 with proper size 
consist—usually a coarse coal. Freedom from acute 
fly ash problems is a very desirable feature. This 
stoker is the only one suitable for the large indus- 
trial anthracite-fired boilers which range from 
10,000 up to 200,000 lb steam per hr. 

The relationship of furnace and boiler design is 
very important in all stokers but especially so with 
the traveling grate. Furnaces should be designed to 
give prompt ignition and stabilization of the bed and 
to prevent stratification of gases as they leave the 
beds and enter the furnaces and boiler tube passages 
on different sections of the grate. Boilers should be 
designed to eliminate high carbon losses in the ref- 
use and incorporate reinjection when the fly material 
carryover is substantial. Perhaps the most im- 
portant feature of the furnace design is the front 
and rear combination arches. These indispensable 
accessories perform the important function of ac- 
celerating ignition through radiation and reflection 
of heat, deposition of incandescent fuel from the 
rear portion to the incoming fuel, and bringing flame 
and gas at high temperatures in contact with the en- 
tering fuel. Recent trends in furnace design, how- 
ever, eliminate the arch by the use of air jets” to 
accelerate ignition and simulate arch conditions. 
This is an important development which lowers ini- 
tial cost and eliminates arch maintenance. 
Pulverized Firing: The first successful commercial 
application was made to a cement kiln in 1895 in a 
plant of the Atlas Portland Cement Co. Although this 
was a guarded trade secret until 1900 as was the 
practice in those days, yet it proved so successful 
that by 1903, practically all the cement kilns in coal 
burning areas had been converted to coal. The burn- 
ing of pulverized coal actually can be traced back to 
1867; however, from that date until 1913 practically 
every effort to burn it under steam boilers was a 


failure. The first complete pulverized-fired central 
station was the Lakeside station of the Milwaukee 
Electric Railway and Electric Light Co. which was 
completed in 1920. 

Prior to 1925, almost all pulverized coal firing 
was the storage-system type in which the coal was 
pulverized, stored, then refed as needed into the air 
stream for the burners. However, in 1925 the first 
direct system was installed, in which the coal, after 
pulverization, is kept in the air stream until injected 
into the furnace. Since that time, the trend has in- 
creased to direct firing until now all new systems 
use this method. Many advancements related to this 
method quickly followed and by 1935, pulverized coal 
firing for power boilers had reached such wide ac- 
ceptance that it largely supplanted underfeed stoker 
firing for new boilers larger than 200,000 lb steam 
per hr. Today more coal is consumed by this type 
of firing than by any other method. Pulverized firing 
is true suspension burning and more nearly ap- 
proaches gaseous combustion than any other method 
of burning coal. 

For good results, the coal must be ground almost 
to the fineness of face powder. Coal should be 98 pct 
through 50 mesh and between 65 and 85 pct through 
200 mesh screen depending upon the volatile matter 
of the coal, types of furnaces, length of flame travel, 
furnace temperature, and other factors. Before coal 
is ready for the pulverizer it should pass through a 
primary crusher and over a magnetic pulley and 
other suitable means of removing the tramp iron. 
The upper size of the coal bed to the mill will vary 
with the type and size of the mill and usually ranges 
from 3/4 to 1 1/4 in. Coal cannot be satisfactorily 
pulverized until it is dry. Modern pulverizers com- 
bine drying, pulverization, and classification phases 
in one integrated piece of equipment. 

Furnaces for pulverized firing are divided into the 
wet-bottom (slag tap) or the dry-bottom types, and 
the selection depends largely upon the ash charac- 
teristics of the fuel to be fired. The quantity of the 
ash leaving with the furnace exit gases is from 40 to 
60 pet of the total ash fired for the wet-bottom units, 
compared to 80 to 90 pct for the dry-bottom fur- 
naces.’ Recently a special kind of slag tap furnace 
called the Turbo-Furnace’’””? was developed which 
has reduced fly ash emission drastically. By re- 
injection of fly ash recovered from the combustion 
gases, all the ash becomes slag, eliminating a costly 
disposal problem. Many advantages are claimed for 
the Turbo- Furnace including low furnace exit tem- 
perature and pressurized operation. 

The Cyclone Furnace: The cyclone furnace is essen- 
tially an inclined cylinder of water-cooled construc- 
tion, the interior surface of which is lined with plas- 
tic chrome ore. Burning crushed coal, its basic 
principle of operation utilizes the slagging charac- 
teristics of the coal ash. Coal is introduced with 
primary air to the furnace at a velocity of 250 mph. 
Entering the primary burner through a tangential in- 
let, the fuel particles are whirled into the furnace 
and discharged into the larger cylinder (5 to 10-ft 
diam, with a length approximately 1 1/3 times the 
diameter) of the cyclone burner where the whirling 


effect is increased by tangential admission of second- 
ary air at high velocity. 

Combustion takes place within the large cylinder 
with final discharge of gases through a re-entrant 
water-cooled throat at the front of the secondary 
furnace. The coal burns at a high rate of heat re- 
lease, the ash constituents being melted to liquid 
slag at approximately 2800°F. The film of slag, 
which adheres to the cylindrical wall of the furnace, 
flows gradually to the slag taps at both sides of the 
furnace. The rate of heat release is very high, about 
500,000 Btu per cu ft per hr in the primary furnace, 
the furnace temperature being more than 3000°F. 
Approximately 15 pct of the total combusion air en- 
ters at 250°F as primary air with the coal; 80 pct 
enters at 750°F, as secondary air; 5 pct enters as 
tertiary air. Secondary air enters the cyclone 
burner at tangential velocities of 20,000 to 30,000 
fpm. The small quantity of tertiary air is admitted 
along the longitudinal axis of the primary burner to 
prevent recirculation of fine coal at this point. This 
also provides adequate air for combustion of fine 
particles which may travel along the axis of the 
burner vortex. This technique eliminates coal pul- 
verizers and minimizes the fly ash collection sys- 
tem because 85 to 90 pct of the ash is removed as 


slag. 


RELATIONSHIP OF COAL CHARACTERISTICS 
TO COMBUSTION TECHNIQUE®’” 


Single-Retort Underfeed Stokers: The single retort 
stoker has burned everything from anthracite to 
lignite although it was primarily designed for burn- 
ing caking bituminous coal. It is most widely used 
for burning the eastern caking and semi-caking bi- 
tuminous coals and Midwestern free burning coals. 
Despite its versatility, peak performance is not ob- 
tainable with coals having extreme characteristics, 
such as excessively high ash content, low ash fusion 
temperatures, very fine size consist, and with 
strongly caking coals which are difficult to ignite. 
Size consist” is one of the chief factors influencing 
the performance of these machines and is as im- 
portant as the nature of the coal itself. If there is a 
high concentration of fines (- 1/4 in.), combustion 
will be retarded. Nut and slack coal, with a top size 
of 1 1/4 to 2 in., is most commonly used, and not 
more than 40 pct of the coal should be below 1/4 in. 
When the coal is friable, larger top sizes, even 
mine-run, have been used without difficulty. The 
use of double screened coal is not usually required 
and occasionally, when too coarse, is inadvisable. 
Some fuels, however, are so stubborn to the com- 
bustion process that the removal of fines becomes 
mandatory, especially with stationary grates and 
high burning rates. Ash content of bituminous coal 
should be not less than 4 pct and not more than 15 
pct for good operation. No. 2 buckwheat seems to be 
the popular size for anthracite stokers. The free- 
burning nature of anthracite allows a continuous dis- 
charge of ash over the side of shortened side dump 
grates into the pits. The size of anthracite is much 
more critical than that of bituminous coal and the 
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coal preferably should contain a limited amount of 
undersize and oversize material. The distribution 
of coal on the grates is chiefly affected by moisture 
content and size consist. Well prepared coals which 
are more inclined to be uniform from shipment to 
shipment, give best results and eliminate frequent 
adjustment of the distributing ram. 

Multiple- Retort Underfeed Stokers: The ideal fuel 
for multiple retort stokers is coal that tends to 
coke but will break into porous fuel beds when 
agitated by the machine. The ash content should 
not be below 4 pct because some ash is necessary 
for protection of the grates against high tempera- 
tures; and conversely, the ash content should not be 
too high. Ash fusion temperature of 2400°F is pre- 
ferred and the iron oxide content of the ash should 
be below 15 pct for low-ash fusion coals. 

Obviously the ideal fuel is not always obtainable 
or economical. A wide range of coals therefore is 
being used, and with proper precautions, good opera- 
tion is possible. A nonagglomerating coal should be 
avoided, as this will cause drifting of coal on the 
fuel bed resulting in high carbon losses and gen- 
erally poor performance. During periods of fuel 
shortages, anthracite and coke have been mixed with 
caking bituminous coal up to about 35 pct. Medium 
and high-volatile coals are preferred. Although low- 
volatile bituminous coals can be burned, they require 
more grate area due to the fact that less of the coal 
is burned as volatile matter in the combustion space. 

Segregation of sizes is serious and affects the 
overall operation. In mixing several types of coal, 
it is important that segregation be held to a mini- 
mum, otherwise the drifting coals may separate 
from the caking ones and concentrate in certain 
areas. The size range of the fuel is likewise im- 
portant. Coal with a top size ranging from 3/4 to 
2 in. is preferable and it should not contain more 
than 50 pet of fines that will pass through a 1/4-in. 
round-hole screen. Volatile matter between 20 and 
30 pct and ash content of 6 to 8 pct are additional 
specifications for the ideal fuel. 

Spreader Stokers: The outstanding feature of the 
spreader machine is its ability to burn a wider 
range of coal then any other stoker. Although the 
performance of any burner is best when quality coal 
is used, this method of firing was developed pri- 
marily to utilize the lower grades of coal with high 
ash content and low fusion. Its performance with 
heretofore troublesome coals has been very suc- 
cessful. It can burn everything from semianthracite 
to lignite and even anthracite has been burned suc- 
cessfully on spreader stokers in mixtures of 25 to 
50 pet. 

Of all the coal characteristics, size of fuel is 
probably the most important with this stoker. The 
thin, quick burning fuel bed of the spreader stoker 
requires a small-size coal. Since only part of com- 
bustion occurs on the stationary bed, it is necessary 
to provide sufficient burning volume for the volatile 
matter and fines which burn in suspension. They 
must have ample time to be completely consumed 
before entering the boiler passage. If the coal is too 
coarse, it will require a burnout period that will be 
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too long prior to dumping of the ash, and this will 
result in high carbon losses in the ash pit. An ideal 
top size for the fuel is 3/4 in. with sizes up to 1 or 
1 1/2 in. within the range of suitability. Coarse or 
closely sized fuel is not desirable, since it has a 
tendency to pile up on one portion of the grate. The 
coal should be of such size that the largest pieces can 
be burned in about one minute. The smaller the top 
size, the greater the percentage of fines (unless the 
size consist is modified) and more suspension burn- 
ing. The use of extremely fine coal may produce 
satisfactory burning conditions but it may also lead 
to a very high cinder carryover. Fly-cinder (part 
ash and part carbon) will be deposited in the boiler 
passes and the remainder discharged with the flue 
gas. The combustible matter in the cinder carryover 
may vary from 20 to 60 pct being almost in direct 
proportion to the rate of burning. From 25 to 50 pet 
of the material collects in the boiler passes, from 
whence it may be recovered if some type of cinder 
removal system is provided. With adequate cinder 
recovery and other favorable conditions, the carry- 
over heat loss may be reduced as low as 2 to 3 pct 
rather than the customary 10 to 15 pct. 

Traveling Stokers: The chain grate and traveling 
grate are probably the most versatile stokers in re- 
gard to fuel choice. Every type of solid fuel of suit- 
able size, such as wood, peat, lignite, bituminous 
coal, anthracite, coke breeze, and carbon can be 
burned on these machines with the exception of 
strongly caking bituminous coal. Caking coals need 
agitation of the fuel bed, which the traveling stoker 
does not provide. Fuels most widely used on this 
burner are as follows: 1) anthracite produced at 
mines, reclaimed from rivers, silt and culm from 
slurry dams; 2) semianthracite; 3) bituminous coal 
(non-caking or free burning); 4) subbituminous coal; 
5) lignite; and 6) coke breeze. 

Anthracite—The traveling stoker is almost the 
exclusive machine for industrial use of small sizes 
of anthracite such as Nos. 2, 3, and 4 buckwheat, 
river bed anthracite, silt, and culm. 

Semianthracite— This coal is not quite as hard as 
true anthracite and its volatile content is higher. It 
makes excellent fuel for traveling grate and chain 
grate stokers. The higher volatile matter expedites 
ignition and combustion so that No. 2 buckwheat and 
larger sizes may be used, whereas the burnable 
sizes of true anthracite usually stop at No. 2 buck- 
wheat for these machines. The extent of the semi- 
anthracite deposits is relatively small and the coal 
is used, for the most part, near the localities where 
it is found. 

Bituminous Coals—Non-caking and free-burning 
bituminous coals are generally used. Practically all 
of the coals west of the Appalachian region are ex- 
cellent fuels for the traveling stoker. A few coals 
east of the Appalachian range, which form a weak 
coke structure, are also satisfactory. Borderline 
coals should have a top size of 3/4 in. with no fines. 
Best results with bituminous coal are accomplished 
through tempering of the fuel. The addition of water 
to raise the moisture content up to 14 to 18 pct re- 
duces carbon losses in the ash pit. Tempering is 


sometimes done by means of steam lances, but best 
results are obtained by wetting the coal for at least 
12 hr before it is burned. A suitable moisture con- 
tent increases bed stability by agglomerating the 
fines, but this is accomplished at the expense of re- 
tarded ignition. 

Proper sizing of bituminous coals is important for 
best all-around performance. To allow sufficient air 
to travel through the bed on a natural draft stoker, 
coal should be sized to pass a 1 1/4 to 1 1/2 or even 
a 2-in. round-hole screen. With the forced draft 
stoker, best results are accomplished with coal that 
passes a 3/4 or 1-in. round-hole screen. Most suit- 
able midwestern coals are those prepared to pass a 
1-in. round-hole screen with not more than 25 to 30 
pct undersize below 1/4 in. Waste-type fuels do not 
give the best performance but they do provide cheap 
steam. For example, a stoker in the Midwest is 
burning washery slurry with 18 pct moisture up to 
30 pet ash and 10 pct sulfur. The size of this muck 
is -1/16 in. Despite the unfavorable fuel character- 
istics, De Lorenzi® reports that it was possible to 
develop a continuous capacity of 45,000 lb per hr 
using a grate area of 160 sq ft, even though at times 
water from the fuel bed actually ran out of the first 
stoker compartment. 

Subbituminous Coals—This type of coal is often 
called black lignite although it does not possess 
woody texture and structure. This rank of coal 
varies greatly in its chemical composition, but 
nevertheless is suitable for use on chain and travel- 
ing grate stokers. These coals ignite easily and 
burn freely, because of high volatile content. For 
this reason, larger sizes can be burned than with 
other coals. 

Lignite— With proper furnace design and good 
sizing of fuel, excellent results are obtained by 
burning lignite in the rear-arch-type furnace. Top 
size for lignite should be 1 1/4 in. with all the fines 
left in the fuel. Coal bed thickness may be from 8 to 
12 in. Poor grades of lignite, with moisture content 
of 36 to 40 pct are difficult to ignite. They should 
be prepared with a top size of 3/4 to 1 in. 

Coke Breeze—The size of this waste coke product 
varies from operation to operation. The volatile 
matter also varies and these factors must be ac- 
counted for in furnace design. Best results are ob- 
tained with coke breeze if it is screened to pass 
through a 1/2-in. round-hole screen, with not less 
than 20 pct of -1/8 in. Minimum size of the breeze 
is important because it affects the carbon losses. 
Coke breeze is lower in density than coal and the 
fines have a tendency to drift off with the gases. 
Pulverized Firing: This combustion technique per- 
mits the use of all ranks of coal from anthracite 
through lignite and thus might be termed our most 
universal coal burner. Precautionary design meas- 
ures must be taken, however, to insure that optimum 
performance is secured. Perhaps the most impor- 
tant characteristics to be scrutinized are: moisture 
content, relative hardness of the coal, volatile mat- 
ter, ash content, and ash characteristics. The 
moisture content, particularly the so-called surface 
moisture, affects the flowability of the coal through 


the coal-handling system, the flame stability, and 
the combustion efficiency. The ease of pulverization 
as determined by the grindability index is an im- 
portant factor affecting mill capacity in addition to 
other things such as moisture and size of fuel feed 
to the mill. Ultimately the degree of hardness in- 
fluences the fineness of the coal supplied to the fur- 
nace. The volatile matter affects ignition and flame 
patterns, and influences the relationship of primary 
air to secondary air. Low-volatile coals require 
less primary air as the carrying medium of the coal, 
and lower velocity secondary air for complete com- 
bustion in the furnace. Conversely, the high-volatile 
bituminous coal is generally more difficult to grind. 
The ash content and ash characteristics influence 
design as well as the degree of undesirable fireside 
fowling of the furnace walls and heat absorbing sur- 
faces. The slagging behavior of the coal is most im- 
portant from a design viewpoint. The ash constitu- 
ents plus a background of operating experience 
assist the designer in predicting slagging tendencies, 
although sometimes only actual furnace performance 
will divulge the true character of the ash. 

Cyclone Firing: The cyclone furnace has not yet 
attained the ability of the pulverized furnace to burn 
all kinds of coals. However, it has handled various 
kinds of coal, including medium and high-volatile 
bituminous and lignite. Tests have indicated that 
the low volatile coals require higher temperature 
air from the preheaters which in itself, may be a 
prohibitive cost factor. Perhaps the two most rigid 
requirements are the ash fusion characteristics and 
the size consist. Originally, coals up to 3/4-in. top 
size were used, but now the preferred size is 4 
mesh down. 

The manufacturer of the cyclone furnace gives a 
preliminary classification of the. coal, made on the 
basis of the ash fusion temperatures as determined 
by the (reducing atmosphere) ASTM Method, D-271- 
48, Sections 27 to 31, inclusive: 

1) If the ash-softening temperature is below 
2400°F, the coal can be considered suitable for 
cyclone furnace firing from the slag viscosity view- 
point without further information. 

2) If the ash-softening temperature is within the 
range 2400° to 2600°F, calculation of the viscosity of 
the ash is necessary to determine whether the coal 
is suitable for cyclone firing. 

3) If the ash-softening temperature is above 
2600°F, the coal would normally be considered un- 
suitable. 


CONCLUSIONS 


The foregoing analyses of coal characteristics vs 
combustion techniques indicate the following: 

1) The single-retort stoker will burn all coals 
from anthracite to lignite but not necessarily with 
equal success. Characteristics such as size con- 
sist, ash fusibility, and degree of caking nature are 
important and tend to influence the performance. 

2) The multiple-retort stoker performs best with 
the eastern caking bituminous coals. As in the 
single-retort stoker, size consist, ash fusibility 
and degree of caking are important characteristics. 
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Table VII. Coal Characteristics Significance Chart for Combustion Performance 


Stokers* 


Single Retort Multiple Retort 


Underfeed Underfeed Traveling Grate Spreader Pulverized Firing Cyclone 
1) Size consist (as fired) Vv I I Vv Vt 4 
2) Moisturet M M N M V : 
3) Caking Index** I I Vv M N 
4) Ash Fusibility I I M M I i 
5) Grindability N N N N V * 
6) Friability M M M M N i 
7) Volatile Matter M M M M I 
8) Fixed Carbon N N N N M N 
9) Ash Content M M M M M 
10) Calorific Value N N N N N . 
11) Ash Viscosity M M M M I 


12) Ash Compositiont t 
13) Sulfurtt 


*Rating code: V is Very important; I is important; M is minor importance; and N is little or no importance. 


+Degree of fineness is a better term for P.F. 


+Surface moisture is more critical than inherent moisture. Moisture is very important from the standpoint of plant flowability. 
**Some engineers are attemptimg to use the FSI as an index of the degree of caking. 
+tAsh composition is very important as it affects fireside fowling, but not important to combustion. 
++Sulfur is important from a corrosive standpoint, but not important to combustion. 


3) Spreader stokers will handle all ranks of coal 
except anthracite. The size consist appears to be 
the most important single characteristic for this 
stoker. Other characteristics are of secondary im- 
portance in coal selection. 

4) Traveling stokers can handle every type of 
solid fuel with the exception of strongly caking bi- 
tuminous coals. Recent experiments with careful 
sizing to eliminate fines indicate that even these 
coals may be used with proper precautions. The 
combination of the degree of free burning versus 
size consist has been carefully studied in selecting 
coal for this stoker. 

5) Pulverized firing appears to be the most uni- 
versal method of firing coal because all ranks of 
fuels may be used. Admittedly, the customer pre- 
fers coals which are easiest to burn, most econom- 
ical to use, and which require the minimum capital 
outlay. Ease of grindability and ash fusion charac- 
teristics are probably the two most important 
characteristics to watch. The choice of wet or dry 
bottom furnace and the selection of suitable unit 
furnace-heat release, extend the latitude of the ash 
fusibility range while still securing optimum per- 
formance. 

6) Thus far, cyclone firing has not attained the 
versatility of pulverized firing in handling as wide a 
range of coals. The ash characteristics and size 
consist appear to be the most important fuel char- 
acteristic. In spite of the limitations cited above, 
the manufacturer states” that of the 512 million tons 
of bituminous and lignitic coals mined in the United 
States in 1950, approximately 70 pct are considered 
suitable for use in cyclone furnaces. 

Despite the difficulty encountered in trying to 
correlate the many characteristics of coal with ac- 
tual performance, an attempt has been made to sum- 
marize the significant relationship in Table VII. The 
author is well aware of the hazards involved in such 
an effort, but feels that at least it will stimulate 
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future consideration of this matter. The values in 
the chart are intended to indicate the relative im- 
portance in the overall picture of a given combustion 
technique. The quality of the characteristics con- 
sidered is for the average range instead of the ex- 
tremes. Moreover, the chart should be used more 
as a rule of thumb for design considerations than as 
a guide for an existing plant, where obviously cer- 
tain characteristics are of paramount importance 
due to limiting design deficiencies. Actually, the 
combination of two or more characteristics change 
the significance of a single item. For instance, size 
consist and caking qualities, or size consist and 
moisture content often present an entirely different 
degree of relative importance than when considered 
separately. 
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Lined-Cavity Shaped Charge and its 
Use as a Drilling Tool 


by Carl F. Austin 


lined- cavity shaped charge is an explosive mass 

with a cavity at one end and the detonator at the 
opposite end. The cavity is lined with a dense ma- 
terial, such as metal, glass, or a ceramic. Such an 
explosive device can be a useful drilling tool. 

Lined-cavity shaped charges are constructed to 
do just one thing — create a high-velocity jet of 
liner particles that can bore a hole ina target. The 
liner must be smooth and symmetrical, and high- 
velocity, high-brisance explosive must be used 
rather than ordinary commercial dynamites. Since 
the depth of target penetration is related to jet 
length, a standoff distance should be provided to 
hold the charge a short distance from the target. 
This allows the jet to lengthen prior to target im- 
pact. The best results are obtained when the jet is 
perpendicular to the target surface. Charges can be 
positioned for firing by taping them to a stake or 
simply laying them on a flat surface at the proper 
distance and angie with respect to the target. 


EFFECTS ON THE TARGET 


When a jet strikes a rock target, the jet and tar- 
get particles at the jet-target interface move out- 
ward radially with respect to the jet axis to create a 
tremendous compressive load on the target material 
immediately below the target surface. The result is 
a shallow crater formed by spalling at the point of 
target entry. After cratering ceases, the steadily 
deepening hole continues to form as a result of the 
jet’s imparting radial motion to the target particles 
at the jet-target interface. These radially moving 
particles collide with one another and with the hole 
walls, the net motion of the spent jet particles and 
target particles being back out of the hole in an axial 
direction (the backblast). The backblast keeps the 
penetration free of debris during penetration, al- 
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though loose surface rock often falls into the hole 
after penetration ceases. The sudden stress relief 
after penetration ceases sometimes results in minor 
hole-wall rebound, which can partially fill the hole. 
The hole bottom will taper as the jet velocity de- 
creases, until the jet velocity is too low to maintain 
the backblast. At this point the remaining jet and the 
following slug material are simply packed into the 
hole bottom. 


HAZARDS INHERENT IN USE 


Air blast from the highly brisant explosives used 
in shaped charges can damage nearby structures 


Jet 


Step | 
Target particles receive radial velocity. 
Jet 
ty 
Yo) 


Moving particles impact stationary particles 
ond impart velocity to them. These can only 
move out of the hole axially toward the rear. 


Complete penetration process 
Fig. 1—Author’s concept of penetration in a nonduc- 
tile target. 
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Table I. Summary of Shaped-Charge Cost and Performance (Costs are for Single Charges on a Handmade Basis) 


Liner Explosive 
Target Hee Seale Number Type of Diameter, Thickness, Weight, Cost of 
Rock Max. Min. Ave. of Shots Charge In. Metal In. Type Type Lb Charge 
Rhyolite 23.9 10.9 16.6 8 cylindrical* 4 cast iron 0.18 cone C-3 5.5 $6.76 
8 cylindrical* 4 cast iron 0.18 cone C-3 535 $6.76 
Wood 47.2 1 cylindrical* 4 cast iron 0.18 cone C-3 Sue, $6.76 
Limestone 10.4 8.5 9.5 3 cylindrical 4 cast iron 0.18 cone C-3 5.5t $6.76 
Rocky alluvium 44.3 27.8 35.8 4 cylindrical* 4 cast iron 0.18 cone C-3 Shs $6.76 
Sandstone 25.8 20+ 23+ 2 cylindrical* 4 cast iron 0.18 cone C-3 Seo $6.76 
Rhyolite 17.0 15+ 16+ 2 beehive* 4 cast iron 0.18 cone C-3 Seo $5.83 
100 pct 
Rhyolite 20.6 1 cylindrical 4 cast iron 0.18 cone gelatin 5.4 $6.40 
¥%° taper to frustum 
Rhyolite Ds DBRS ORG; 2 beehive 6 cast iron 0.20 at base of cone C3 14.2 $21.43 
Rhyolite 2 cylindrical* 4 cast iron¢ +0.2 cone C-3 $4.21 
Rhyolite 18.6 1 beehive 4 aluminum 0.18 cone C-3 3.3 $7.03 
Rocky alluvium 24.0 19.5 21.8 2 cylindrical* 4 cast iron+ +0.2 cone C-3 5.5 $4.21 
Rhyolite 8.5 1 beehive 4 fired ceramic +0.2 cone C-3 SFr, $3.53§ 
NM plus 
Rhyolite 4.0 1 beehive 4 cast iron 0.18 cone aniline 2.4 $5.05 


*3.3-lb beehive equals 5.5-lb cylinder in performance. 


tOne of the three shots was made with an 18-in.-long by 4-in.-diameter charge using 11.5 lb of C-3. 


+Rough, unmachined castings. 
sLiner cost of 25¢. 


and injure personnel. An open pit is ideal for shaped- 
charge usage, whereas the confinement of under- 
ground operations will increase the airblast hazard. 
Loose or slabby ground and timbering will also re- 
strict the use of large shaped charges underground. 

Fire hazards result from the backblast, which is 
comprised of liner and target particles at or near in- 
candescence. The backblast travels slowly enough 
(300 fps) to be readily entrapped in combustible ma- 
terials, which it can set afire. 

Accidental firing of a shaped charge creates a dan- 
gerous jet in addition to the airblast. The jet hazard 
extends a few feet in rock and up to thousands of feet 


1.5"«— 2.7" 
cone an 
cylinder 


\ 


Taped 


Machined 


Lane Wells P=! cast iron liner 


aux. charge 
lOO-grain primacord 


— No.6 electric cap taped 
into place 


Fig. 2—Beehive-type lined-cavity shaped charge, 
4-in, diam. 
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in air, but only in the direction in which the charge 
is aimed. Offsetting the hazards of accidental firing 
is the insensitivity to detonation of many high-veloc- 
ity, high brisance explosives. 


SOME DRILLING APPLICATIONS 


Only a few uses and applications tried in the field 
are presented; these will serve to illustrate general 
types of applications, as well as the great variety 
and range of possible uses. 


Fig. 3—Lined- shaped 4-in. diam, 
placed for firing into altered quartz monzonite. The 
location, under an overhang at the margin of a caved 
stope, was far too hazardous for drilling with a ma- 
chine. Penetration was 38.4 in. deep, over 1 in. diam 


for 19 in. and then tapering to 1/4 in. diam at the 
bottom. 
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Drilling of Blast Holes: Lined-cavity shaped 
charges can be used to drill blast holes for second- 
ary breakage, for purposes of sampling, for stump 
removal, and for similar uses. An example of this 
use was encountered during construction work in the 
test area used by the author. A boulder extending a 
foot above grade was too large to move with equip- 
ment on hand. A 3.3 lb shaped charge drilled a 15- 
in.-deep hole 1.5 in. in diam into the rock, at which 
point the rock broke and penetration ceased. Water 
was poured into the hole to cool the slug (walls are 
cool after penetration), and the hole was loaded with 
dynamite and shot. Removal of the rock took only a 
few minutes. 

Drilling of Holes to Receive Objects: Lined-cavity 
shaped charges can be used to drill holes for anchor 
bolts and survey points in rock, and pole and post 
holes in rocky or frozen soil and in altered or 
weathered rock. 

Miscellaneous Applications: Lined-cavity shaped 
charges have been used to fire through several feet 
of stemming to initiate missed holes, although 
caution must be used in holes with heat caps. (If the 
shaped charge does not penetrate the stemming, the 
fuse may be ignited, resulting in a delayed blast.) 
Lined-cavity shaped charges were used to penetrate 
pipes under pressure; similarly they may be used 
to penetrate bulkheads or jammed gate valves. 


CONCLUSIONS 


In the current state of technology, and in view of 
the present costs of explosives and liner materials, 
the lined-cavity shaped charge cannot compete with 
more conventional drilling techniques except for cer- 
tain specialized applications: 1) drilling in hazard- 
ous locations, 2) drilling in inaccessible locations, 

3) drilling where drilling time is of importance, and 
4) drilling where only a very few holes are required. 


Fig. 4—Hole shot into rhyolite with a 4-in. diam 
lined-cavity shaped charge. This hole was used for 
testing tensile strength of the target by means of a 
l-in. diam slotted steel rod and wedge. The target 
showed no failure, but the bolt pulled in two. 


In all situations, the use of lined-cavity shaped 
charges requires that only relatively shallow holes 
be needed. More than one shaped charge can be 
fired into a target in order to deepen the penetration, 
but after the second shot the increase in penetration 
per firing drops rapidly. 
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BENCH-SCALE EXPERIMENTS ON LOW-TEMPERATURE 
CARBONIZATION OF LIGNITE AND SUBBITUMINOUS 


COAL AT ELEVATED PRESSURE | 


Five low-vank coals, including two lignites, a steam-dried lignite, and two 
subbituminous coals, were carbonized at 940°F, in a bench-scale carbon- 
izer with a nitrogen and hydrogen atmosphere, or both, using pressures 
from atmospheric to 1000 psig. Coking characteristics were observed, 
and yields, composition, and distribution of products from thermal deg- 


vadation weve determined, 


Es influence of pressure on yields from coal carbon- 
ization, as well as on modification of coke struc- 
ture, has long been of interest. One of the first 
attempts at pressure carbonization was that of Capps 
and Hulett’ who in 1917 investigated the effects of 
pressure ranging from 1 to 20 atm on yields at 600°C 
for bituminous and subbituminous coals. High- 
pressure carbonization has not been used com- 
mercially for coke production. 

More recently, carbonization at relatively high 
pressure in the presence of catalysts and hydrogen 
has been proposed for the production of metallur- 
gical-grade coke from low-rank fuels.” Another 
approach involves carbonization at high pressure 
in a hydrogen atmosphere to produce heating gas 
and a solid residue that is gasified with oxygen and 
steam to produce the hydrogen required for hydro- 
genation® * or, alternatively, is burned to raise 
steam. Recently it has been proposed to carbonize 
coal under pressure, burn the gas in a gas turbine 
to produce power, and use the solid residue as fuel 
in a conventional steam-power plant.” 

Our primary interest in pressure carbonization 
stems from an attempt to determine the influence of 
pressure on the coking characteristics of lignite to 
design a high-pressure slagging gasifier using oxy- 
gen and steam. At atmospheric pressure, North 
Dakota lignite is generally considered to be non- 
coking. However, lignite and subbituminous coals 
have been reported to show increased agglomeration 
properties in steam, hydrogen, or carbon-dioxide 
atmospheres at elevated pressures, although no 
strong coke was formed at pressures up to 3000 
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psig.° If lignite would agglomerate seriously under 
gasification conditions, proper flow of charge 
through the gasifier could not be maintained with- 
out installing a mechanical stirring device or de- 
stroying the caking properties of the coal before 
gasification. Data on the caking properties of 
lignite or other gasification fuel, as well as on 
yields of products under conditions simulating the 
carbonization process in the pregasification zone, 
were required in the preliminary design stage of 
the gasifier. No information was available con- 
cerning the influence of pressure and type of at- 
mosphere on North Dakota lignite. To provide this 
basic data, the U.S. Bureau of Mines investigated 
the effect of pressure and a hydrogen or nitrogen- 
rich atmosphere on the yield of products and on 
coke formation in a bench-scale pressure carbon- 
izer. 


SCOPE OF INVESTIGATION 


Five coals were tested at 940°F in nitrogen and 
hydrogen atmospheres, at pressures from atmos- 
pheric to 1000 psig. Yields and composition of 
solid, liquid, and gaseous products were determined 
as a function of the process pressure, and attention 
was given to the physical appearance of the solid 
residue. Percentage of carbon converted, sulfur re- 
tained in char, and thermal balances were calcu- 
lated. In this paper, primary consideration is given 
to carbonization in a nitrogen atmosphere and to 
data concerning the solid phase. The effect of pres- 
sure in hydrogen is presented in detail for only one 
lignite. More complete information on the response 
of the other coals in a hydrogen atmosphere will be 
published in a USBM Report of Investigations. 


DESCRIPTION OF EQUIPMENT 


Details of the bench-scale pressure carbonizer 
are given in Fig. 1. The body of the carbonizer was 


CARBONIZER 
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fabricated from an 11-in. section of 3-in. ID C-Mo 
steel pipe with a wall thickness of 1.2 in. The top 
was flanged for ease in adding the charge while 

the bottom was closed except for a 3/8-in. stainless- 
steel pipe through which the purge gas was admitted 
from pressure cylinders after passing through an 
orifice. The unit was electrically heated by three 
1-kw nichrome coils in a heating chamber enclosing 
the carbonization vessel. Temperatures were mea- 
sured with chromel-alumel thermocouples. The 
control couple for optimum control was mounted be- 
hind a radiation shield and was in close contact with 
the carbonizer body. The carbonizer was mounted 
on a tilting table to facilitate discharge of the solid 
residue. The gas and vapors passed from the car- 
bonizer through a 1-in. pipe into an ice-water bath 
where the condensable vapors were removed. 


Displacement meter 


Pressure 
Pressure indicator 
Pressure indicator recorder 


Temperature controller recorder 
Temperature indicator recorder 


A flow diagram, including the process instrumen- 
tation, is shown in Fig. 2. After the ice-water bath 
the pressure was released, and the gas was passed 
through an absorption train where the moisture and 
noncondensed higher hydrocarbons were removed. 
The absorption train consisted of a series of Nes- 


bitt bulbs, the first 


of which was filled with glass 


wool to collect entrained tar. The next two bulbs 


were filled with calcium chloride to absorb mois- 


ture, while the third was empty and used as a 
safety bottle. The last two, immersed in an ice- 


water bath, were filled with mineral oil to absorb 


higher hydrocarbons. The cleaned gas was metered, 
using a wet-test meter, and was collected over 
water in a receiver. 

Fig. 3 is a photograph of the actual carbonizer 
assembly and some auxiliary equipment. The 


differential indicator 


Carbonizer 
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Fig. 2—Instrumenta- 
tion and gas flow for 
the bench-scale pres- 
sure carbonizer. 
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heating-chamber walls are reversed to show the 
heating coils. The rotameter shown was replaced by 
an orifice after the preliminary tests. 


EXPERIMENTAL AND ANALYTICAL 
PROCEDURES 


Preparations for Tests: Coal for a complete test 
series was crushed, and approximately 50 lb, sized 
3/8x1/4-in., was stored in sealed jars purged with 
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TIME FROM START OF TEST, HOURS 


Fig. 4—Typical heating curve for the bench-scale 
carbonizer. 
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Fig. 3—Pressure car- 
bonizer and auxiliaries. 


nitrogen. A representative sample of the sized coal 
was taken for proximate and ultimate analyses. A 
sample from each charge to the carbonizer was 
analyzed for moisture and ash content, and the 
analyses of the gross sample were adjusted ac- 
cordingly. 

The coal charge, approximately 200 g on a mois- 
ture and ash-free (maf) basis, was placed in the 
carbonizer, which was then closed, pressurized with 
nitrogen, and leak tested. If a hydrogen test was 
scheduled, the unit was purged with 0.5 cu ft of hy- 
drogen. During processing of the charge, hydrogen 


Fig, 5—Solid residue from carbonization of lignite 
A in hydrogen at 1000 psig and 940°F, 
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Table I. Typical Analyses of Coals Used in Bench-Scale Carbonization Tests 


Coal Tested 


Lignite A, Baukol- 


Steam-Dried Lignite Subbituminous A, Subbituminous B, 


Noonan Lignite B, Kincaid B, Kincaid Wyoming Montana 
Analysis As-Received Maf As-Received Maf As-Received Maf As-Received Maf As-Received Maf 
Proximate 
Moisture 36277 33.1 10.1 1 
Volatile matter 26.3 45.8 26.3 45.2 Sonn 48.3 35.6 44.4 30.9 44.6 
Fixed carbon Sed 54.2 31.9 54.8 42.5 Spleys 44.7 55.6 38.4 55.4 
Ash 5.9 8.7 8.6 
Ultimate 
Hydrogen 7.0 6.6 5.3 6.1 5.9 5.0 
Carbon 41.9 72.9 42.6 Tove} 57.8 70.3 61.0 76.1 SSell 76.6 
Oxygen 44.1 20.1 40.9 19.7 24.6 19.0 28.2 16.7 31.0 16.4 
Sulfur .7 “5 8 4.5 8 6 
Ash 5.9 8.7 8.6 
Heating value, Btu per Ib 7,230 12,590 7,230 12,410 9,740 11,850 10,680 13,290 9,100 13,120 


or nitrogen was added at a rate of approximately 

1.0 cu ft per hr as measured with an orifice. 
Heating and Cooling of Charge: Heating was started, 
and the unit then was pressurized to the process 
pressure selected. Heating time was about 5 hr plus 
the time required for pressure release, which was 
15 min at 1000 psig. Control temperature was 
reached within 3 hr. Process temperatures were 
recorded automatically. A typical heating curve, 

as indicated by the control thermocouple, is shown 
in Fig. 4. This heating rate, almost 5°F per min 
approximates the generally accepted heating rate for 
commercial carbonization. 

After the test, the reactor was purged with nitro- 
gen, and the pressure was reduced to about 50 psig. 
To prevent oxidation of the solid residue, the car- 
bonizer was allowed to cool overnight under this 
pressure of nitrogen. 

Sampling and Analyses of Products: The metered gas 
was mixed in the collection tank by a laboratory- 
size recycle pump, and duplicate samples were 
taken for analyses in a portable orsat analyzer. 
Hydrogen sulfide was not determined. 

After cooling, the solid residue was removed 
from the carbonizer, weighed, inspected for ag- 
glomeration, sampled, and analyzed. Water and oil 
phase products were collected, separated, and 
weighed, and elemental composition of the oil 
phase product was determined. 


METHODS OF CALCULATION 


Material weight balances reported, both on an as- 
charged and maf basis, were calculated from the 
weight of the recovered products and analyses of the 
corresponding coal charge. 

Gas compositions and yields were calculated to a 
nitrogen-free basis for the tests in nitrogen, and to 
a N-H-free basis for the tests in hydrogen, because 
of fluctuating rates of gas additions. Tests with 
overall product yields from 97 to 103 pct of the 
charge were considered satisfactory. These tests 
were corrected to a 100-pct basis and were used 


for evaluation and correlation, while those tests with 
results outside these limits were rejected. 

Elemental and thermal balances were calculated 
from the maf material balances and ultimate anal- 
yses. Carbon balances were of major importance 
and were used to calculate the conversion of solid 
carbon to gaseous and liquid hydrocarbons. 


COALS TESTED 


Five coals from strip mines were tested during this 
investigation, including two lignites, two subbitumi- 
nous coals, and a steam-dried lignite. Lignite A was 
from the Baukol- Noonan mine at Noonan, Divide 
County, N. Dak.; lignite Bwas mined at the Kincaid 
mine, Columbus, Burke County, N. Dak.; subbitumi- 
nous A was obtained from the Kemmerer Coal 
Co., Frontier, Wyo.; and subbituminous B came 
from the Northwestern Development Co., Colstrip, 
Mont. The dried lignite B had previously been 
steam-dried by the Fleissner process at 400 psi, 
using a different sample of Kincaid lignite. 

Proximate and ultimate analyses for typical test 
samples are presented in Table I on both as- 
received and maf basis. Major differences be- 
tween the three lignites on the as-received basis 
are in the moisture and ash contents. On an maf 
basis, the compositions are similar, except for the 
steam-dried lignite which had an unusually high 
sulfur content. Analyses of the two subbituminous 
coals were also nearly the same on the maf basis. 


RESULTS 


Each result represents an average of from two to 
seven experiments. Lignite A was tested at 0, 400, 
600, 800, and 1000 psig in both nitrogen and hydro- 
gen atmospheres. The other coals were tested only 
at 0, 400, and 1000 psig. 

Agglomeration of Char: Above 400 psig and ina 
hydrogen atmosphere, agglomeration of lignite char 
was noticeable and increased with greater process- 
ing pressure. From visual inspection, it was es- 
timated that char from subbituminous coal was less 
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Fig. 6—Influence of pressure on carbonization of 
lignite A in nitrogen at 940°F, 


agglomerated that that from lignite. A lump of 
agglomerated char obtained by processing lignite 

A in a hydrogen atmosphere at 1000 psig is shown 
in Fig. 5. In all cases, the agglomerate had a low 
mechanical strength and could be crumbled easily 
between one’s fingers. Except for some slight 
agglomeration in one test at 400 psig with sub- 
bituminous coal A, no coal agglomerated in a nitro- 
gen atmosphere. 

Product Yields from Carbonization: The weight 
distribution of products from carbonization of lignite 
A in nitrogen atmosphere is presented in Fig. 6 as 
a function of the processing pressure. Generally 
the effect of pressure is not great; however, more 
solid residue and gas were obtained at pressures 
above atmospheric, with the highest yield of char, 
73.3 pct, obtained at 1000 psig. Yields of oils and 
water of decomposition decreased at pressures 
above atmospheric. The pooled estimate of the 
standard deviation, S(x), for the yield of solid resi- 
due in a nitrogen atmosphere was calculated to be 
0.67, with 13° of freedom. 

The increase in solid residue and gas yields is 
the result of cracking of the oil phase, because of 
longer contact time with the hot char at elevated 
pressures. Similar results with higher-rank coals 
were first noted by Capps and Hulett.’ 

The product weight distribution in a nitrogen 
atmosphere for all coals, at selected pressures, 
is presented in Fig. 7. The influence of pressure 
in all cases was similar to that for lignite A, in that 
yields of solid residue and gas increased at pres- 
sures above atmospheric, while the yields of oil 
phase and water of decomposition decreased. The 
change in yield with pressure varied with the type 


Table Il. Composition of Solid Residue from Carboni zation of 
Lignite A at 940°F as a Function of Pressure 


Ultimate Analysis, Pct Maf Heating 
Value, 
Car- Hydro- Nitro- Oxy- Btu per 

Process Conditions bon gen gen gen__ ‘Sul fur Lb 
Nitrogen, atmospheric 86.4 3.4 IRS 8.1 0.6 14,280 
Nitrogen, 1000 psig 86.3 Sal eS 7.8 if 14,770 

Hydrogen, atmos- 

pheric 86.9 3.6 14,640 
Hydrogen, 1000 psig 91.4 316 2.8 15,270 
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Fig. 7—Influence of pressure on carbonization of 
lignite A in nitrogen at 940°F, The columns are: 

1, lignite A; 2, lignite B; 3, lignite B, steam-dried; 
4, subbituminous A; and 5, subbituminous B. 


of coal and did not always vary uniformly with an 
increase in pressure. 

Product yields obtained by carbonizing lignite A 
either in a nitrogen or a hydrogen atmosphere at 
various pressures are presented in Fig. 8. At 
atmospheric pressure, the product distribution was 
nearly the same for the nitrogen or the hydrogen 
atmospheres. Because of increasing hydrogenation 
of the coal substance with pressure when it was 
carbonized in a hydrogen atmosphere, the yield of 
solid residue decreased, while that of gas and oil 
phase increased. Comparison of the product distri- 
bution shows clearly the influence of the type of 
atmosphere on the carbonization of lignite A. Since 
the influence of pressure on the other coals ina 
hydrogen atmosphere was similar, detailed product 
distribution is presented only for lignite A. For 
all lignites tested, both oil and gas phases increased 
with pressure, while the subbituminous coals ex- 
hibited a minimum oil phase at 400 psig. The 
steam-dried lignite gave the lowest yield of solid 
residue, 49.4 pct at 1000 psig, while subbituminous 
B had the highest yield, 65.1 pct. 

Composition of Solid Residue: The ultimate analyses 
on an maf basis of solid residue from carbonization 
of lignite A at 940°F and the extremes of the pres- 
sure range tested are given in Table II. The changes 
observed for lignite A are typical of the other coals. 
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Fig, 8—Influence of pressure and atmosphere on 
carbonization of lignite A at 940°F. The columns 
are: 1, lignite A in a nitrogen atmosphere, and 2B. 
lignite A in a hydrogen atmosphere, 
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Table Ill. Pct of Original Sulfur Retained in Solid Residue as a 
Function of Pressure at 940°F, Nitrogen Atmosphere 


Pressure, Psig 


Charge 0 400 600 800 1000 
Lignite 4 57a. 78.6 64.3 78.6 78.6 
Lignite B 80.0 66.7 106.7 
Lignite B, steam-dried 76.5 70.6 58.8 
Subbituminous 4 47.1 76.5 70.6 
Subbituminous B 77.8 TE3 76.4 


In nitrogen, the elemental composition of the solid 
residue was essentially independent of process pres- 
sure. In hydrogen, the carbon content increased and 
that of the oxygen decreased correspondingly. With 
a higher carbon content, the heating value per pound 
of residue was greater. The hydrogen content did not 
change. The sulfur concentration increased with 
higher processing pressure. 

Sulfur Retention in Solid Residue: The weight-per- 
centage of sulfur originally in the charge that is 
retained in the solid residue is shown in Table III 
for all coals tested in a nitrogen atmosphere; 
although the plots of the data are widely scattered, 
the degree of sulfur retention appears to be rather 
independent of the processing pressure. 

Typical sulfur retention in the solid residue, as a 
function of processing pressure and atmosphere, is 
shown in Fig. 9; data for lignite A was used. Again, 
no satisfactory correlation was obtained when the 
lignite was processed in nitrogen. Except for the 
data obtained at 1000 psig, sulfur retention decreased 
with increasing pressure for the tests in a hydrogen 
atmosphere. No explanation can be given for the 
erratic data from processing the coal in a nitrogen 
atmosphere. 

Carbon Conversion: The percentage of carbon in the 
charge converted to gaseous or oil phase products 
for the coals tested in nitrogen at 940°F is shown 
in Table IV for the various processing pressures. As 
could be expected from the high yields of solid 
residue over the full-pressure range, the carbon 
conversion was low. It ranged from about 10 to 18 
pct and showed a tendency to decrease at the higher 
pressures. Little difference was noted between the 
coals tested, although the nonsteam-dried lignites 
appeared to be less affected. 

A comparison of the carbon conversion for lignite 
A processed in nitrogen or hydrogen atmosphere is 
presented as a function of pressure in Fig. 10. As 


Table IV. Percentage of Carbon Converted as a Function of 
Pressure at 940°F, Nitrogen Atmosphere 


Pressure, Psig 


Charge 0 400 600 800 1000 
Lignite A 15.6 16.2 14.9 15e5 14.5 
Lignite B 15.8 1a 10.6 
Lignite B, steam-dried 17.6 15.8 15,3 
Subbituminous A 18.0 16.2 14.4 
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Fig, 9—Sulfur retention in the solid residue for 
lignite A, depending on pressure and atmosphere 
at 940°F, 


indicated, the pressure had only a small effect on 
carbon conversion in a nitrogen atmosphere. How- 
ever, because of hydrogenation of the coal substance, 
the carbon conversion increased appreciably with 
increasing pressure in the hydrogen atmosphere. 
Generally, the response of the other coals followed 
the same pattern. 

Potential Heat Retained in Solid Residue: If the 

solid residue is to be used for its thermal value, the 
percentage of the potential heat in the coal that re- 
mains in the solid residue is important. This per- 
centage, presented in Table V for the five coals 
carbonized at 940°F in nitrogen, ranged from 
approximately 75 to 80 pct. Because of the slightly 
increased yield of solid residue with pressure, the 
potential heat retained in the solid residue increased 
with pressure, indicating that slightly less potential 
heat is lost in gas and oil phase at the higher pres- 
sures. 

In Fig. 11, the influence of pressure on retention 
of potential heat of lignite A in the solid residue is 
shown for tests made in nitrogen and in hydrogen at 
940°F. In nitrogen, the potential heat of the lignite 
retained in the solid residue increased slightly with 
an increase in pressure. In hydrogen, the decrease 
in yield of solid residue with intensifying pressure 
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Fig. 10—Carbon conversion, depending on pressure 
and atmosphere for lignite A at 940°F. 
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Table V. Percentage of Potential Heat in Coal Charge Retained 
in Solid Residue as a Function of Pressure at 940°F, 
Nitrogen Atmosphere 


Pressure, Psig 


Charge 0 400 600 800 1000 
Lignite A 77.4 79.3 78.8 79.9 80.4 
Lignite B 78.5 79.8 80.4 
Lignite B, steam-dried 76.5 80.2 79.7 
Subbituminous A 75.0 76.0 71.9 
Subbituminous 77.4 78.6 


offset the increased heating value of the residue, 
and at a processing pressure of 1000 psig only 60 
pct of the potential heat of the lignite was retained in 
the solid residue. This data is also typical of the 
other coals. 

Gas Composition and Yield: The concentration of the 
four major gas components, carbon dioxide, hydro- 
carbons, hydrogen, and carbon monoxide, is shown in 
Fig. 12 as a function of pressure in nitrogen for 
lignite A. The greatest change in concentration of 
the gas components occurred when the pressure 

was increased from atmospheric to 400 psig. The 
concentration of carbon dioxide and of hydrocarbons 
increased with pressure while that of hydrogen and 
carbon monoxide decreased. The decrease in hydro- 
gen and carbon monoxide probably results from the 
conversion of the carbon monoxide to hydrocarbons 
such as methane and ethane, with increasing pres- 
sure. Similar relationships of gas composition to 
processing pressure existed for the other lignites 
and the subbituminous coals. A comparison with the 
gas from tests made in a hydrogen atmosphere can- 
not be made because for the hydrogen tests the gas 
composition is calculated on a nitrogen- and hydro- 
gen-free basis. 

The yield of the individual gas components is 
presented in Fig. 13 on the basis of cu ft per 100 lb 
of maf coal for lignite A. In nitrogen, the yieid of 
all components except carbon monoxide was higher 
at 1000 psig than at atmospheric pressure, although 
the yield of carbon dioxide and the hydrocarbons 
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Fig. 12—Composition of gas from carbonization of 
lignite A, depending on pressure at 940°F, 
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Fig. 11—Potential heat retained in solid residue, 
depending on pressure and atmosphere for lignite 
A at 940°F. 


reached a maximum at 600 psig. The maximum 
change in yield occurred in a hydrogen atmosphere 
when the carbonization pressure was increased from 
atmospheric to 1000 psig. This change represented 
a threefold increase in hydrocarbons. 


SUMMARY 


Five low- rank, noncoking coals were carbonized in 
both a nitrogen and a hydrogen atmosphere at pres- 
sures ranging from atmospheric to 1000 psig, using 
an electrically-heated, bench-scale carbonizer. 
Nominal carbonization temperature for all tests 
was 940°F. 
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Fig, 13—Yield of various gaseous components from 
carbonization of lignite A, depending on pressure 
and atmosphere at 940°F, 
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Little or no increase in agglomeration of the solid 
residue was observed using a nitrogen atmosphere. 
In a hydrogen atmosphere, agglomeration occurred 
above 400 psig and increased with an increase in 
processing pressure. In all cases, the resulting 
agglomerate had a low mechanical strength. 

The yield of solid residue increased with pres- 
sure in a nitrogen atmosphere and decreased ina 
hydrogen atmosphere. Because of increased hydro- 
genation of the coal substance, the yields of gas, oil 
phase products, and water from decomposition in- 
creased with pressure in a hydrogen atmosphere, 
although little difference existed between yields in 
the different atmospheres at atmospheric pressure. 
Yields from the various coals were similar, with 
the steam-dried lignite being slightly more re- 
sponsive and the subbituminous coals somewhat 
less responsive to pressure in a hydrogen atmos- 
phere. 

Conversion of the carbon in the coal decreased 
with pressure in a nitrogen atmosphere and in- 
creased in a hydrogen atmosphere, while the re- 
verse was true for the degree of retention of the po- 
tential heat of the coal charge in the solid residue. 
Gas composition in a nitrogen atmosphere varied 


with pressure, with the percentage of carbon 
monoxide and hydrogen decreasing because of hy- 
drogenation, and the percentage of hydrocarbons 
increasing with increasing pressure. The yield of 
hydrocarbons increased threefold in a hydrogen 
atmosphere when the carbonization pressure was 
increased from atmospheric to 1000 psig. 
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COAL GASIFICATION FOR PRODUCTION OF 
SYNTHESIS AND PIPELINE GAS 


The technology of gasifying coal to produce synthesis and pipeline gas has 
advanced significantly in the past 20 to 30 years. This period has seen the 
extensive use of oxygen in coal gasification, the development of suspension 
gasification processes and fluidized-bed gasifiers, the operation of various 


gasification processes at elevated pressures, and operation of gasifiers 
under slagging conditions. These developments are discussed, and their 
application to commercial and pilot plant gasifiers is reviewed. Typical 
processes for synthesis gas production are described, and operating re- 
sults ave compared. Pipeline or high-Btu gas may be produced from coal 
either by catalytic conversion of synthesis gas to methane, or by the 
direct veaction of coal with hydrogen (hydrogasification) to produce a 
methane-vich gas. Neither of these methods has been applied commer- 
cially, but developments pertaining to each of them are reviewed, and gen- 
eval processing schemes are discussed, 


Te use of coal as a raw material for manufactur- 
ing gas has a long and distinguished history. In 
fact, the gas industry began in the early 1800’s when 
William Murdock demonstrated that it was feasible 
to produce and distribute gas made by retorting 
coal. Coal was used exclusively for gas manufacture 
until the middle of the 19th centruy, when Lowe in- 
vented the carbureted water gas process. In that 
process, coke was one of the raw materials used, 
so coal was still an important factor in gas manu- 
facture. However the availability and relatively low 
cost of natural gas in the United States, and its 
widespread distribution by long-distance pipelines 
in recent years, has virtually eliminated the use of 
coal as a raw material for gas manufacture in this 
country. 

It should not be inferred from the foregoing that 
the technology of coal gasification has remained 
static in the United States and abroad. In fact, in 
the past two decades many new concepts have been 
developed in both the science and the technology of 
gasification. This progress has been a result of the 
considerable expansion in research on the funda- 
mental chemistry and physics of gasification re- 
actions, and in development work on gasification 
processes. This expansion in effort stems in part 
from increased interest in the use of gas as a raw 
material for the synthesis of chemicals and liquid 
fuels, and in part from the need to develop methods 
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for gasifying coal and other solid fossil fuels to 
ensure a long-range supply of energy in the form of 
gaseous fuel. In these uses of gas, synthesis gas, a 
mixture of hydrogen and carbon monoxide in various 
proportions, is the starting material. It may be con- 
verted catalytically to gaseous and liquid hydrocar- 
bons and other chemicals, or to hydrogen for use in 
hydrogenation or reduction reactions. 

Since coal is our most abundant fossil fuel, it is 
inevitable that one day it will regain its prominence 
as a raw material for gas manufacture. It is of 
interest, therefore, to consider the present status 
of gasification technology, directing attention par- 
ticularly to advances made in recent years. Inas- 
much as many comprehensive treatises’ and re- 
views*”’ of gasification technology are available, no 
attempt will be made in the present review to cover 
all processes in detail. Instead, the discussion will 
be concerned chiefly with typical processes em- 
bodying the advances that are most likely to be gen- 
erally applied. 


ADVANCES IN GASIFICATION TECHNOLOGY 


For purposes of this discussion the starting point 
will be the conventional processes that were used 
for many years for the complete gasification of 
coal. These were: 1) carbonization in coke ovens 
followed by gasification of coke with air and steam 
in cyclic water-gas generators, and 2) fixed-bed air- 
blown producers. 

Both of these methods have obvious deficiencies 
when we consider that the ideal complete gasifica- 
tion process would be a single-stage, continuous 


process capable of converting any type of coal into 
a combustible or synthesis gas low in inerts. 

The coal carbonization- coke gasification sequence 
may be considered broadly as a method for com- 
plete gasification of coal, since gas is the principal 
product. However, substantial yields of tar are ob- 
tained in the carbonization step. This not only re- 
duces the yield of gas from the coal, but also, in 
certain instances, introduces the problem of by- 
product marketing. By far, the greatest disadvan- 
tage of this method is the excessive handling of 
solid materials, first in the carbonization step, and 
again in the gasification. This is costly not only in 
investment and labor charges, but also in the loss of 
energy contained in the hot coke. 

The air-blown producer is a single-stage con- 
tinuous process, but the product gas has a rela- 
tively low calorific value and high nitrogen content. 
This does not impair its usefulness as industrial 
fuel, but makes it unsuitable for synthesis and for 
distribution by public utilities. These obvious short- 
comings, along with the desire to use a wider variety 
of coals, have prompted the development of more 
suitable methods for complete gasification of coal. 
Gasification with Oxygen: The extensive use of in- 
dustrial oxygen in gasification processes has been 
one of the major technological advances of the past 
20 years. Its principal advantages are: 1) the gasif- 
ication process can be operated continuously, be- 
cause the heat required by the gasification reactions 
is supplied concurrently in the same vessel by the 
reaction of oxygen with a portion of the combustible 
(authothermic gasification); 2) with high-purity 
oxygen the product gas contains only minor concen- 
trations of nitrogen; 3) continuous operation and 
elimination of heat losses from large quantities of 
inerts increases efficiency; 4) operation at elevated 
pressures is feasible; and 5) the rate of gas pro- 
duction per unit of reactor volume is increased as a 
result of continuous operation. 

Prior to the use of oxygen in gasification, the air- 
blown producer, with its limitations, was the only 
autothermic process. Today there are a variety of 
such processes employing not only fixed beds, but 
also fluidized beds and suspension systems, which 
are the more recently developed contacting tech- 
niques. The quantity of oxygen required by these 
processes represents about 25 to 35 pct of the cost 
of the gas. This has stimulated development work 
on continuous gasification processes using air, but 
producing a gas containing low concentrations of 
nitrogen. These developments have not as yet led 
to commercial processes. Highly developed gas- 
ification processes using oxygen are being operated 
commercially today, and there is every reason to 
believe that they will continue to play a major role 
in any future expansion of coal gasification. 
Gasification at Elevated Pressure: All processes in 
which synthesis gas is converted to hydrocarbon 
gases or liquid products operate at elevated pres- 
sure. Furthermore, gas that is to be transmitted 
over significant distances must be initially at an 
elevated pressure. With the advent of continuous 


gasification with oxygen, it became apparent that 
substantial savings in costs of compression would be 
realized if the gas were produced at elevated pres- 
sure. This saving results because it is necessary to 
compress only the oxygen (which amounts to about 
20 to 35 pct of the volume of the gas produced), 
instead of compressing all of the product gas. 

Gasification with oxygen and steam at elevated 
pressure has, in addition to minimum cost of com- 
pression, the following advantages’ in all gasifica- 
tion processes: 1) high gasification rates per unit of 
reactor volume, with attendant reduction in the per- 
centage of heat lost from the reactor; 2) gas purifi- 
cation and synthesis reactions can be accomplished 
more economically because of the lower investment 
cost in smaller vessels; 3) pressure facilitates heat 
exchange in waste-heat recovery and cooling of gas 
streams; and 4) pressure shifts the equilibrium of 
hydrogenation reactions toward increased concen- 
trations of methane, with an attendant increase in 
the heating value of the gas. 

Advantages of pressure gasification specific to 
fixed-bed processes are:* 1) small sizes of fuel 
may be gasified with minimum carryover because 
of the low gas velocities resulting from the higher 
gas density; 2) less reactive fuels, and fuels rich 
in ash, can be utilized because of the higher gas 
residence time resulting from lower gas velocities; 
3) with countercurrent flow and gasification in the 
presence of excess carbon, hydrogenation reactions 
occur and the exotherm of these reactions is recov- 
ered, resulting in reduced oxygen requirements per 
therm of gas—in addition, carbon gasified as meth- 
ane reduces the quantity of carbon that must be gas- 
ified with steam;° and 4) the yield and quality of by- 
products is improved. 

The disadvantages of using pressure in fixed-bed 
processes are:* 1) methane must be removed when 
the gas is used for ammonia synthesis; 2) the cost 
of treating the gas liquor must be recovered by the 
sale of phenol and ammonia; and 3) direct production 
of carbon monoxide-rich gases is not possible ex- 
cept in slagging processes. In nonslagging proc- 
esses, such as the Lurgi, CO/H, ratios of 1.2 to 1.5 
may be obtained by replacement of part of the gasi- 
fication steam with carbon dioxide. 

One complication common to all pressure gasifi- 
cation processes is the feeding of a solid fuel into a 
pressure vessel. 

In view of the many advantages of pressure gas- 
ification, and the favorable economics under most 
circumstances, it is verly likely that pressure gas- 
ification processes will play the major role in 
future gasification technology. 

Gasification under Slagging Conditions: Slagging 
gasification processes have kven developed to re- 
move limitations on efficiency and capacity imposed 
by the fusibility of the ash. For example, under 
equilibrium conditions the maximum gasification 
efficiency results when the oxygen concentration in 
the oxygen-ste2am mixture fed to the gasifer is 40 to 
48 pct, *® corresponding respectively to maximum 
temperatures in the reaction zone of 1500°C (2732°F) 
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to 1800°C (3272°F), which are well into the slagging 
region for most residues. Under nonslagging condi- 
tions, the oxygen concentration in the oxygen-steam 
blast is generally in the range of 22 to 30 pct, cor- 
responding respectively to maximum reaction zone 
temperatures of 1200°C (2191°F) and 1300°C 

Operation under slagging conditions leads to 
simplicity in the design of the gasifier by eliminat- 
ing grates and mechanical devices for removing 
ash. Instead, arrangements must be provided for 
tapping slag periodically, and operating conditions 
must be such that the slag has the proper fluidity 
for free flow. An excellent comprehensive review 
of methods for assessing the flow properties, forma- 
tion, and mineralogy of coal-ash slags has been pub- 
lished by Shaw*’ and Watt.” For practical purposes 
the flow properties of coal-ash slags may be charac- 
terized by the relation between the viscosity of the 
liquid slag and its temperature. 

Slagging operation is applicable to fixed-bed and 
suspension processes, but not to fluidized-bed proc- 
esses. Fuel characteristics, as well as other con- 
siderations, affect the decision on slagging or non- 
slagging operations. It is most probable, therefore, 
that the future will see both types of processes 
operated. 

Contacting Techniques: In today’s gasification tech- 
nology, the fuel may react with the gasifying medium 
in a fixed bed, a fluidized bed, or in suspension. 
Processes employing the latter two techniques were 
developed in the 1920’s and 1930’s, and have been 
further developed in subsequent years. Throughout 
this period the development and improvement of 
fixed-bed processes has continued. 

Fixed-bed gasification processes have maintained 
their prominent position throughout the years be- 
cause several of their inherent characteristics are 
advantageous in gasification: 1) flow of fuel and resi- 
due countercurrent to the gasification medium and 
products of gasification leads to maximum heat 
economy; 2) relatively long residence time of the 
fuel in reaction vessel permits high carbon conver- 
sion; 3) product gas is not contaminated with solids 
to any great extent, and 4) plug flow of solids min- 
imizes loss of ungasified fuel in residue. 

The principal disadvantages of fixed beds are: 

1) caking coals cannot be used without pretreatment 
to render them nonagglomerating, or without modi- 
fying the mechanical design or operating conditions 
of the gasifier; ** 2) sized fuel must be used for max- 
imum output—however, small sizes may be used in 
processes operating at elevated pressure; 3) tar 
produced in the lower temperature zones near the 
top of the beds must be removed from the gas; and 
4) the production of hydrocarbons in these zones is 
undesirable when the gas is to be used for synthesis, 
but desirable when the gas is produced for distribu- 
tion by public utilities. 

Fluidized-bed processes were developed to utilize 
small sizes of a wide variety of fuels. The principal 
advantages claimed are:” 1) ability to tolerate wide 
variations in the quality of the fuel. High-ash fuels 
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having particle sizes in the range of 0 to 8 mm for 
average fuels, and 0 to 20 mm for friable fuels, may 
be used; 2) minimum ground area required, because 
of high specific gasification rate; 3) operability over 
a wide range of outputs without significant loss in 
efficiency; 4) high degree of reliability and safety, 
because the high inventory of fuel in the reactor 
minimizes the possibility of oxygen breakthrough if 
the fresh fuel feed is stopped; and 5) local overheat- 
ing, with the possibility of clinker formation, is 
avoided by the mobility of particles and high rates of 
heat transfer in fluidized beds. 

Disadvantages of fluid-bed gasification are: 1) 
high loss of sensible heat in the exit gases as a re- 
sult of substantially thermal equilibrium between 
these gases and the uniformly mixed solids in the 
fluidized bed at gasification temperature—this 
sensible heat can be recovered in a waste-heat 
boiler, but is not available directly for the gasifi- 
cation process, as it is in countercurrent flow in 
mixed beds; 2) loss of ungasified fuel as entrained 
dust—this loss increases with the friability of the 
fuel, and is greater with unreactive fuels. Energy 
can be recovered from the dust, either by burning 
under boilers, or gasification under more severe 
conditions; 3) complete mixing of solids in the flu- 
idized bed leads to a high steady-state ash content 
in the bed, to avoid loss of combustible with the 
residue leaving the gasifier; 4) slugging, which re- 
sults in poor contact between the gasifying medium 
and solid reactant; 5) fluidization characteristics 
of the fuel place restrictions on the range of pos- 
sible operating conditions. 

Fully entrained suspension or dilute-phase gasif- 
ication processes were developed because of their 
ability to use any grade or class of coal. Size con- 
sist or friability of the fuel have no significance, 
because the fuel must be pulverized. Swelling and 
caking characteristics of the fuel do not affect the 
operability of the process, since each particle is 
discreet and separated from other particles in the 
flowing gas stream. Ash-fusion temperature is not 
important insofar as interaction between particles 
is concerned, but, as in other processes, it is im- 
portant in determining the conditions of nonslag- 
ging and slagging operations. Although fully en- 
trained processes can use any type of coal, the 
volume of the reactor will be least for the higher 
volatile fuels and for fuels having more reactive 
residues. Fully entrained systems inherently pro- 
duce a gas containing no tar, and very little methane, 
because the volatile matter of the fuel is almost 
completely oxidized in the early stages of gasifica- 
tion. This characteristic is important if the gas is 
to be used for synthesis of ammonia or liquid fuels. 

The disadvantages of fully entrained processes 
result from the low concentration of fuel in the 
gasifying medium, and from the cocurrent flow of 
reactants. The inventory of fuel in the reaction 
zone of a fully entrained gasifier is low because of the 
low concentration of fuel in suspension. Further- 
more, the concentration of carbon in the reacting 
mixture decreases progressively from inlet to out- 


Table I. Gasification Processes Classified According to Kind and Size of Fuel and Method of Heat Addition2 


Fuel: 
Permissible caking characteristics 


Non to weakly caki 
Size, mm diam 


Lumps, 8 to 50 


Condition during gasification Static bed 
Reactants: 
Direction of motion Countercurrent 


Heat addition by partial combustion of the 
generator fuel in the gasifier: 

Continous air Generators with grates, 

generators with slag 

tapping 

Generators with slag 

tapping, generators 

with grates 


Continuous oxygen 


Continuous oxygen under pressure Lurgi pressure 


generator 


Cyclic with air, and heat storage in bed Coke-coal water-gas 


generator 


Heat addition by partial combustion of the 
generator fuel or other combustible 
outside the gasification space 


Externally heated Didier-Bubiag 


Heat stored in moving 
Solid heat carrier (heated pebbles) ~ 


Gaseous heat carrier Pintsch-Hillebrand, 


Koppers, (Schwarzheide)* 


Liquid heat carrier = 


Weakly to moderate caking 
Granular, 1 to 8 
Turbulent bed (fluidized) 


Strongly caking 
Dust, 0 to 1 
Suspension (entrained dust cloud) 


Cocurrent 


Winkler, Winkler-Flesch, t 
Basf-Flesch-D emagt 


Ruhrgas vortex chamber, (Ruhrgas 
resonant tube)* 


Winkler, Winkler-Flesch, t 
Basf-Flesch-Demagt 


Koppers-Totzek, Babcock and 
Wilcox, Du Pont, (Bureau of Mines)* 


(Hydrocarbon research)* Texaco, (Inst. Gas Tech., Chicago), * 


(Bureau of Mines)* 


(Fuel Research, London),* = 
(Bureau of Mines)* 


(ICI)*; ¢ (Lurgi-Ruhrgas) § 


Schmalfeld, (Lutzkendorf)*,# 
Panindco-Rouen 


(Rummel-Otto process)* 


*Processes shown in parentheses have been applied in semicommercial or small-scale studies. 
tPreparation of the fuel bed (charging, slag elimination) in turbulent bed, gasification in fixed bed from top to bottom. 
tHeat added by partial combustion in suspension, gasification in fluidized bed with circulating coke as the heat carrier. 


§Countercurrent heat exchange. 


#Combined heat addition part added directly by partial combustion (O,). 


let. Since temperature also decreases from inlet to 
outlet, rates of gasification are lowest at the outlet, 
where both the concentration and reactivity of the 
fuel residue are least. Thus, relatively large in- 
creases in the volume of the reaction zone, with 
attendant increases in the residence time of the 
reactants, will have comparatively little effect on 
the extent of carbon conversion. For this reason, it 
is not economically feasible to gasify more than 85 
to 90 pct of the carbon in a single pass. Higher car- 
bon conversions may be obtained by recycling of the 
solid residue. Cocurrent flow in fully entrained 
processes necessitates heat exchange to improve 
thermal efficiency. The heat-recovery problem is 
complicated by the presence of solids, and by need 
for avoiding the possibility of contact between sus- 
pended molten ash particles and heat transfer sur- 
faces. 

In spite of some of the disadvantages mentioned 
above, overall energy production rates per unit 
volume of reaction space in fully entrained gasifiers 
are considerably greater than those of fixed and 
fluid-bed gasifiers operating under comparable con- 
ditions of ash removal. Thus, under practical 
operating conditions the adverse effect of the low 
carbon inventory is more than offset by the high re- 
action rates resulting from the large surface area 
of the pulverized fuel particles. The adaptability 
of fully entrained processes to operation under slag- 
ging conditions and at elevated pressure is also con- 


ducive to maximum specific gasification rates. 
Thermodynamics, Physics and Kinetics: It is beyond 
the scope of this paper to review the many advances 
that have been made in thermodynamic analysis of 
gasification systems, and in the physics and kinetics 
of the systems. A general review of this subject will 
appear in a forthcoming publication.” Thermody- 
namic analyses of fixed-bed gasification processes 
have been made by Gumz,’* and of suspension gasifi- 
cation processes by others.” The kinetics of 
gasification reactions have been reviewed by several 
individuals,””’”’’® and methods have been developed 
for calculating the variation of gas composition with 
reaction time in the oxygen-steam gasification of 
pulverized coal. 


SYNTHESIS GAS PRODUCTION PROCESSES 


In this review, processes for producing synthesis 
gas will be grouped according to the method of con- 
tacting—fixed-bed, fluidized-bed, or suspension 
processes. The general conditions under which vari- 
ous commercial and small-scale gasifiers operate 
are summarized in Table I. 

Fixed-Bed Processes: The fixed fuel bed is gener- 
ally the most efficient method for converting car- 
bonaceous fuels into gas. In such processes the 
descending movement of solids in the bed is counter- 
current to the reacting gases. The fuel bed is char- 
acterized by zones of different temperature, which 
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Table Il. Operating Results with Fixed-Bed Nonslagging Oxy gen-Blown Producers 


Wellman-Galusha Producer, 20,21 


10-Ft ID, Using 


Pintsch Brassert 
Generator, 


10.5-Ft ID, Using 


Kerpely Pro- 
ducer, 23/24 


7-Ft ID, Using 


Converted UGI Water-Gas 
Set,22 9-Ft ID, Using 


Rice Barley 


Fuel Type Anthracite Anthracite Coke Coke Coke Coke Coke 
Fuel: 
Size, in.* 5/16x 3/16 3/16 x 3/32 2-5/8 x 5/16 Run-of-oven Run-of-oven nut-and-pea = 
Gross H. V. (as-received), 

Btu per 12250 11590 12000 = 
Moisture (as-received), wt pct 6.4 7.6 5.0 — 
Ash (as-received), wt pct 10.2 12.8 11.9 10.5 10.5 : : 
Ash fusion temperature, °F 2810 2810 2200 2760 2760 2690 - 
Input, lb per hr PULA 1335 2490 8196 11450 1715 ~ 

sition, vol pct: 
0.15 0.20 0.6 - = 

eS 40.00 42.40 54,1 46.6 47.8 39.9 34.7 

H, 41.00 37.65 31.0 34.0 33.6 38.7 40.3 

0.85 0575 0.4 0.2 0.2 

N, 1.50 1.80 2.6 Dee 1.8 1.8 0. 
Gross H. V., Btu/SCF 271 266 258 262 265 254 257 
Gasifier-outlet temperature, °F 879 730 508 1209 1211 - 932 
Output, MCF per hr 119.5 5155 102.4 304 501 78.9 ~ 

Material requirements: 
er MCF of CO+H 
Fuel, lb : 28.7 32.3 28.7 DEES, 28.4 27.6 30.7 

Oxygen (100 pct), SCF 249 275 274 302 308 264 267 

Steam, lb 40.2 44.5 28.9 38.2 38.5 47.8 58.3 
Per therm of gas 

Fuel, 1b 8.56 9,69 9.46 8.59 8.64 8.54 8.96 

Fuel, therms 1.049 1.123 1.069 

Oxygen (100 pct), SCF 74.2 82.7 90.3 92.8 03.6 80.3 77.9 

Steam, lb 12.0 13.4 OS 11.8 ala 14.8 17.0 

Performance: 
Specific gasification rate, 

therms per sq ft-hr 4.13 1.74 3,36 14.96 20.83 5.21 6.13 
Specific gasification rate, 

therms per cu ft-hr 0.4721 0.201 0.383 = - 0.7447 _ 
Steam decomposition, pct S12 42.0 61.4 53.5 51.0 46.2 43 
Carbon conversion ~ = = ba = = 93 


*Round hole screen size. 
t+Estimated. 


may be designated grossly as: 1) ash zone at the 
bottom of the generator; 2) oxidation zone, or region 
of heat supply; 3) reduction zone, where steam is 
decomposed by reaction with carbon and carbon 
monoxide, and where carbon dioxide reacts with 
carbon; and 4) preheat zone, where the incoming fuel 
charge to the top of the fuel bed is dried and heated 
by the hot gases flowing upward. Fuels containing 
distillable volatile matter are partially devolatilized 
in the preheat zone, the volatile products appearing 
as methane, higher hydrocarbons and tars in the 
product gas. 

Fixed-bed gasification processes have been de- 
veloped to handle a variety of solid fuels. The more 
important characteristics of the fuel affecting its 
use in fixed beds are: 1) particle size and particle 
size distribution, 2) agglomerating tendency, 3) ash 
fusion temperature, and 4) reactivity. Uniformly 
sized nonagglomerating fuels containing a minimum 
of fines, and having reasonable mechanical strength, 
are most suitable. With such fuels, carryover 
losses and resistance to flow of gaseous reactants 
are minimized. Flow of gas is distributed uniformly, 
which results in stable reaction zones and a uniform 
pattern of temperature distribution in the bed. In 
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nonslagging operations the ash-fusion temperature 
imposes an upper limit on the bed temperature. 
Under all operating conditions the reactivity of the 
fuel determines the minimum practical tempera- 
ture in the gasification zone. 

Atmospheric Pressure, Nonslagging— Anthracite 
coal and coke have been gasified completely with an 
oxygen-steam blast in fixed-bed gasifiers operated 
nonslagging at atmospheric pressure. The results 
obtained with a Wellman-Galusha producer,” a 
converted UGI water-gas generator,” a Kerpely 
and a Pintsch-Brassert generator” 
are summarized in Table II. The heating value of 
the gas and the fuel required per MCF* of gas are 


*Throughout this paper, Btu/SCF stands for British thermal unit 
per standard cubic foot of gas measured at 60°F and 30 in. Hg, dry; 
1 MCF = 1000 SCF, 1 MMCF = 1000 MCF; 1 MBtu = 1000 Btu, 1 MMBtu 
= 1000 MBtu; 1 therm = 100,000 Btu. 


within a relatively narrow range for all operating 
conditions. However, the oxygen used per MMBtu 
of gas ranged from 742 to 936 SCF. 

Atmospheric Pressure, Slagging—Commercial 
Slagging gasifiers operating at atmospheric pres- 
sure have been developed to gasify cokes, chars, and 
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Table III. Operating Results with Slagging Gasifiers 


Thyssen- 
Slagging Producer, 2° 5,56-Ft 
oczy, *' Leuna-Wirth, 25 6.89-Ft ID at Bottom, 11.15-Ft Pat Bottom, 10.75-Ft ID at 
10- Ft ID Using ID at Top, Using Top, Using 
Brassert Deuben Metallur- Metall 
Fuel T Metallur etallur- Metallur- Low-Tempera- Low- Te: - 
vel lype Coke Refuse Char gical Coke gical Coke gical Coke ture Coke ture Coles 
Fuel: 
Si 
ize 2%x 1%) in. ~ 1%in. 1% in. and = 3 to 40mmit 3 to 40mm## 
Gross H. V. (as-received), 
Btu per lb 12400 = = = 
Moisture (as-received), wt pet 5.0 - 18.0 1.8 - 1.0 ye He 
Ash (as-received), wt pct 8.5 50 to 55t 17.4 9.1 - 11.8 8.04 8.00 
Ash fusion temperature, °F 2372 _ = = = * 2012 9012 
Input, lb per hr 3600 - 12400++ 
Gas composition, vol pct: 
co, 2.8 9.7 5.4 6.8 Sy 
350 
O, 0.1 = = = = 
ee 70.4 66.5 62.4 61.4 64.6 92.5 83.64 66.12 
A 23.1 22.9 31.2 31.0 28.7 3.0 8.76 31.01 
a nee 0.0 0.0 0.0 0.1 0.0 0.61 0.68 
0.9 1.0 0.8 0.9 1.4288 1,.20ttt 
Gross H. V., Btu/SCF 299 288 302 298 301 307 304 320 
Gasifier outlet temperature, °F _ 392 464 752 734 500 986 1022 
Output, MCF per hr 134 304+ 257% 254+ fe 401 629 
Material requirements: 
Per MCF of CO+H, 
Fuel, 1b 28.4 ~ 47.4 29.0 29.4 31.4 30.9 30.5 
Oxygen (100 pct), SCF 310 3478 2768 2628 2608 310§ 240 213 
Steam, lb 13.1 LS 15.8 20.5 Lye nil nil 11.4 
Carbon dioxide, SCF = = = ts = 258 218 - 
Per therm of gas 
Fuel, 1b 8.87 — 14.7 8.99 9.11 9.76 9.49 9.27 
Fuel, therms 1.100 - - 1.175 1.094 
Oxygen (100 pct), SCF 96.9 107.68 85.58 81.28 80.68 96.48 72.9 64.8 
Steam, Ib 4.09 3.82 4.90 6.36 5.39 - - 3.47 
Carbon dioxide, SCF = - 80.2 66.2 
Performance: 
Specific gasification rate, 
therms per-sq ft-hr 5.01. 10.95+# 9.71# 9.48# 21.85+# 9.87# 13.42 22.18 
Specific gasification rate, 
therms per cu ft-hr - 1,33** 1.17** 1.20** 
Steam or carbon dioxide 
decomposition, pct 90.1 98 84 76.5 83 86 74.2 80.6 
Carbon conversion — _ 80 93 93 87 94.0 94,2 


*Oxy gen purity, 90 pct. 

tFuel contained 45 to 50 pct C. 

¢+Based on an estimate of 80 sq ft cross section at top of fluid bed. 
§Includes 1 to 2 pct N,. 

#Based on cross section at top of fuel bed. 


** Approximate value based on 13 ft, height of fuel bed and average cross section. 


+t6.5 pct over 40mm, 3.3 pct under 3mm. 

ttExclusive of flux (17.2 pct of fuel input), 

§§Includes 0.04 pct H,S. 

##11.0 pct over 40mm, 3.0 pct under 3mm. 
***Exclusive of flux (18,11 pct of fuel input). 
tttIncludes 0,09 pct H,S. 


refuse with steam and oxygen, and with carbon 
dioxide and oxygen. Operating results with the 
Thyssen-Galoczy generators,” the Leuna gener- 
ator,”° and a producer studied by Kalmykov,” are 
summarized in Table III. The construction of the 
Leuna slagging generator is shown in Fig. 1;”’ sub- 
stantially the same generator was used in Kal- 
mykov’s tests. 

Supevatmospheric Pressure, Nonslagging —The 
Lurgi process for gasifying coal in a fixed bed with 
oxygen and steam under nonslagging conditions at 
pressures up to 30 atm was first operated commer- 
cially in 1936.7”°* After World War II the process 
was further developed, and is now operated on a 
large scale at several locations to produce syn- 
thesis and gas for public consumption.” 

Basic studies of the reactions occurring in the 
fuel bed of a pressure gasifier 2 ft diam, with a 
7-ft fuel bed, have been made by Hebden and co- 


workers.° High-reactivity, high-volatile- matter fuel 
gave the lowest consumption of steam and oxygen, 
and the highest heating value gas. Volatile matter 
content determines the quantity of fixed carbon to 

be gasified, and, consequently, the consumption of 
oxygen and steam. Reactivity affects the extent of 
steam decomposition. The consumption of fuel cor- 
rected for tar and oil produced was not affected 
significantly by the nature of the fuel. Increasing 
pressure increases the proportion of the carbon 
appearing as methane (14.4 pct at 10 atm; 22.2 pct at 
40 atm) and, hence, increases heating value. The 
reduction in oxygen consumption below that observed 
at one atmosphere resulted from increased methane 
formation at the higher pressures, and amounted 

to 13.0 pct at 10 atm, and 21.6 pct at 40 atm. For 
the three fuels studied (NCB rank code No. 702, 
anthracite, and oven coke), the authors conclude 

that methane must have been produced by the hy- 
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Fig. 1—Leuna slagging generator.” 


drogenation of carbon by the reaction: 
Cor => 


The concentration of methane at equilibrium in- 
creases as the pressure increases and the tem- 
perature decreases. Thus, methane is formed by 
the reaction in the upper part of the bed. 

The gasification of pretreated American coals 
has been studied in a pressure gasifier having a 
cross-sectional area of 1 sq ft.” 

Fig. 2 shows a cross section of a modern Lurgi 
generator operating at SASOL.*”° The gasifier is a 
water-jacketed vessel, 13 ft OD, 12 ft ID, and 26 ft 
high. Coal is fed to it through a lock hopper at the 
top. The grate and coal distributor are mounted ona 
hollow, water-cooled shaft, driven from a ring gear 
at the top. The water jacket is maintained ata 
pressure slightly higher than gasification pressure 
so the inner vessel must withstand only a small 
differential pressure. The inner vessel is unlined, 
and unalloyed steels have given satisfactory service 
against normal causes of corrosion.*® However, dif- 
ficulties have been experienced’ in operation with 
coals having an abnormally high chlorine® or alkali** 
content. 

To extend the range of coals suitable for use in 
the Lurgi generator, an experimental unit having a 
cross-sectional area of 8.6 sq ft and a working 
pressure of 440 psi was constructed and operated 
with various coals. Experience in this plant led to 
the development of a stirring device near the top of 
the bed, which permitted utilization of fuels having 
a Damm agglutinating index up to 12* (British 
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Fig, 2—Lurgi pressure 


standard caking index of 10). The results of tests 
with various fuels are given in the literature.*”* 

The operating results in full-scale plants are 
summarized in Table IV.® The results of full-scale 
tests of Pennsylvania anthracite in one of the Lurgi 
generators at the Dorsten plant of Steinkohlengas 
A.G., and in other fixed-bed generators are com- 
pared by Morgan et al.* 

Superatmospheric Pressure, Slagging—Gasifica- 
tion at elevated pressures under slagging conditions 
is still in developmental stages.*”** The results of 
tests at 75 psi, ina 3 ft 9 in. ID gasifier having a 
length of 19 ft 9 in., on the effect of steam-oxygen 
in the gasification of petroleum coke, are shown in 
Fig. 3.° The reduction in process steam required, 
and the increase in steam decomposition and tem- 
perature at the outlet of the gasification zone ynder 
slagging conditions, are clearly indicated. Although 
the oxygen consumption is higher under slagging 
conditions, it is suggested™ that savings in capital 
charges on a properly designed gasification and 
purification plant will result in an appreciable re- 
duction in steam required, and the attendent re- 
duction in liquor to be handled. 
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Table IV. Operating Results of Large Lurgi Plants® 


Morewell, Australia: 
Pipeline Gas, 
6 Generators, 2.6m 


Sasol, South Africa: 
Fischer-Tropsch-Synthesis, 
10 Generators, 3.7m 


Ruhrgas Dorsten, 
Pipeline Gas, 
6 Generators, 2.6m 


Fuel: 
Type Brown coal Bituminous coal Gas coal 
Size Briquettes 7 to 20 or 20 to 60mm 6 to 30mm 
Moisture, wt pct 15.6 9.7 5.0 
Ash, wt pct 1.6 26.4 22.0 
Fixed carbon, wt pct 42.2 42.8 42.0 
Volatile matter, wt pct 40.6 21.1 31.0 
Tar content (Fischer-Hempel), wt pct 5.6 2.1 10.5 
Crude Purified Crude Purified Crude Purified Crude Purified Crude Purified 
Gas composition, vol pct: 
CO,+H,S 34.6 4.5 28.0 0.8 SS 0.9 27.0 2.0 30.5 2.0 
O, 0.1 0.1 0.0 0.1 0.0 0.0 
ChHm 0.4 OSS 0.2 0.2 Ow 0.2 0.4 0.5 0.4 0.5 
Co 14,5 20.7 22.4 Silas 16.4 24.8 21.0 28.5 17.0 24.1 
H, 35.8 52.6 38.0 5353 39.4 59.3 40.5 54.1 40.5 yes) 
CH, 13.5 19.4 10.9 13.4 eS 14.0 10.1 13.6 10.7 14.9 
N, 0.5 0.8 0.4 0.8 1.0 9.9 1.2 
Gross H.V. purified gas, Btu/SCF 457 421 424 415 428 
Raw gas per generator, MCF per hr 260 to 372 260to372 930 to 930 to 930 to 930 to 559to596 559 to 596 559 to 596 559 to 596 
1190 1190 1190 1190 
Oxygen used, SCF/SCF 0.121 0.178 0.139 0.213 - - 0.17 0.23 0.16 - 
Steam used for gasification from out- 
side sources, lb per MCF ranges 51 41.5 56.3 
Tar and light oil yield, wt pct 365. 3.0 1.6 1.6 = = Us 7.5 7.5 7.5 
Refined light oil yield, wt pct 0.75 0.75 0.4 0.4 - - 1.67 1.67 1.67 1.67 
Ammonium sulfate yield, wt pct = = See SR - - 2.98 2.98 2.98 2.98 
Low-pressure steam produced per SCF 
raw gas, lb per MCF 62.1 62.1 - 3555 35.5 35.5 35.5 


Efficiency referred to raw gas, pct: Gross H.V. (Gas + Byproducts) + Gross H.V. of Coal = 88 to 92 pct. 


Discussion” of the use of pulverized fuel in con- 
nection with fixed-bed processes directed attention 
to the importance of this technique in using fine 
sizes of fuel and recycling carryover. An extensive 
study of the use of pulverized coal in a fixed-bed 
slagging gasifier operating at elevated pressure is 
underway at the Leatherhead Station of the British 
Coal Utilization Research Assn.** Work is also 
being done” at the same location on a slagging 
gasifier with injection of fines, operating at a pres- 
sure of 2 to 3 psig. Operating data have been pub- 
lished” on the gasification of pulverized anthracite 
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Fig. 3—Effect of steam/oxygen ratio on oxygen- 
steam consumption and temperature.” 


coal with air at 3.5 to 7 atm in a fixed fuel bed under 
slagging conditions. 

Fluidized-Bed Processes: The Winkler process is 
used commercially for the gasification of brown 
coal, brown coal car, semicoke, caking coal, and 
high- rank brown coal in a fluidized or turbulent 
bed.” The more recent generators are about 13 to 
15 ft diam and 65 ft high.”” The process operates 

at atmospheric pressure with either air, oxygen- 
enriched air, or oxygen and steam, as the gasifying 
medium. Depending on the reactivity of the fuel, the 
temperature in the fluidized bed ranges from 800° 
to 1000°C. The depth of the bed in the settled condi- 
tions is 3 m (9.8 ft). Recent operating results are 
summarized subsequently in Table VII. Data on 
installations of Winkler generators,” their develop- 
ment,** mechanical features and operating results,”’ 
are given in the literature. 

Low- reactivity fuels, and fuels with a low ash- 
fusion temperature, are not suitable for use ina 
fluidized-bed process such as the Winkler.” Such 
fuels may be utilized in the Flesch- Winkler, or in 
the BASF- Flesch-Demag process, which is a sub- 
sequent development. The latter process employs 
twin generators, and is operated as a combination 
fixed-bed, fluidized-bed process, as shown in Fig. 4. 
The two generators are operated in parallel, with 
the gasifying medium passing down through the two 
fixed beds as shown in Fig. 4A. The high-tempera- 
ture gasification zone is at the top of the fuel bed, 
and as gasification proceeds, clinker is formed at 
the top of the fuel bed. After 10 min of downrun 
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Fig, 4—BASF-Flesch- 
Demag process for 
gasifying coal fines.” 


A DOWN-BLOW, GENERATORS I AND 0 B FLUIDIZED UPRUN, GENERATOR I 


operation, the generators are operated in series 
with the upstream generator (I) fluidized, as shown 
in Fig. 4B. Fluidization breaks up the clinker, which 
falls to the bottom of generator I, where it is re- 
moved. During fluidization, coal is introduced into 
generator I, and any fines from the coal or the 
fluidized bed are filtered out by the fixed bed in 
generator II. The fluidization part of the cycle 
lasts for about 1 min, and is followed by another 
10-min downrun with the generators in parallel. 
The cycle is completed by fluidizing generator II 
upstream from generator I. The gasifying medium 
may be either air and steam, or oxygen and steam. 
Results obtained in making synthesis gas are shown 
subsequently in Table VII. 

A semicommercial-scale fluidized-bed gasifier 
has been operated at elevated pressures by Hydro- 
carbon Research Inc.” The gasifier had an inside 
diameter of 26.5 in., and was operated with a bed 
depth of 25 ft. Anthracite fines were gasified with 
steam and oxygen at pressures ranging from 170 to 
245 psig, and temperatures from 1430° to 1676°F. 
The unit produced up to 650,000 SCF per day of hy- 
drogen, carbon monoxide, and methane. 

Fluidized-bed gasification studied on a pilot 
scale included: 1) the ICI moving-burden process;** 
which was designed to produce synthesis gas con- 
tinuously in a fluidized bed, using solid particles 
heated by combustion with air in a separate vessel 
to supply the endothermic heat of reaction with 
steam; and 2) the Fuel Research Board process,** 
in which the endotherm of the steam-carbon reaction 
was supplied by heat transfer through the walls of 
the vessel. 

Fully Entrained Suspension or Dilute- Phase Gasifi- 
cation: Development work on suspension gasification 
processes started in Germany in the 1930’s with 
the Koppers-Totzek™ and Wintershall-Schmalfeldt 
processes.” Extensive pilot-plant and large-scale 
tests on suspension gasification at both atmospheric 
and elevated pressures have been made in the U.S. 
since the late 1940’s. At present (1960), no indus- 
trial-scale suspension gasifiers are operating on 
coal in this country. However, the Koppers- Totzek 
and Rummel processes are operating on a commer- 
cial scale in other parts of the world. 
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Atmospheric Pressure Processes— The Koppers- 
Totzek process for gasifying various types of coal 
with ash contents up to 30 pct in suspension with 
oxygen and steam is being used for producing syn- 
thesis gas in several commercial synthetic am- 
monia and chemical plants.” The early history of 
this development, which began in 1938, has been 
summarized by Totzek*” and Osthaus.* The first 
large-scale unit (one ton of coal per hour) was 
operated at the Louisiana, Mo., Gas Synthesis 
Demonstration Plant of the U.S. Bureau of Mines.*® 
Extensive tests of this unit furnished data on the 
effect of process variables and design modifications 
on performance. These tests also disclosed the 
need for improving carbon conversion, refractory 
performance, and methods for removing the com- 
paratively small quantities of slag produced. The 
experience gained in this operation was used in de- 
signing the first large industrial plant, which was 
put into operation in Finland in 1952. 

The Koppers- Totzek gasifier is shown schematic- 
ally in Fig. 5. It is a refractory-lined, horizontal, 
cylindrical vessel with conical ends. A homogen- 
eous mixture of oxygen and pulverized coal is in- 
troduced through co-axial burners at each end. 
Steam is introduced around these burners so as to 
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Fig. 5—Koppers-Totzek gasifier.® 
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shroud the high-temperature reaction zone and pro- 
tect the burners and refractories from excessive 
temperatures. It is stated™ that the gasification re- 
actions are completed within the coned ends of the 
gasifier. The products leave through a water-cooled 
central vertical outlet. In the gasifier at Oulu, 
Finland, 95 pct of the ash leaves with the product 
gas, and 5 pct is removed from the bottom of the 
gasifier, whereas in the gasifier at Ouahama, Japan, 
40 pct of the ash is removed as slag from the bot- 
tom. Depending upon the reactivity of the fuel, the 
exit-gas temperature may range from 1000° to 
1300°C. In the Oulu gasifiers, approximately 26 pct 
of the sensible heat in the exit gases is used for 
generating steam.** Residues removed from the 
exit gases may be recycled or used as fuel for dry- 
ing the coal. The cold gas efficiency is 67 pct, and 
the overall efficiency, including waste-heat re- 
covery, is 75.5 pct. Performance data for these 
gasifiers are given subsequently in Table VII. Per- 
formance data for gasifiers in Japan,’ France,” and 
Belgium”® are given in the literature. The Koppers- 
Totzek process has also been adapted for the pro- 
duction of synthesis gas from heavy oils.** 

In the Panindco process, which is an outgrowth of 
the Wintershall-Schmalfeldt,* pulverized coal is 
gasified with highly preheated oxygen or air and 
steam in a laminar flow system. An experimental 
plant which was operated at coal feed rates up to 
1600 lb per hr was installed near Rouen, France, in 
1950. Performance data on this unit, which is no 
longer in operation,” have been published by Foch 
and Loison.” 

Development work on the Babcock & Wilcox- 
du Pont gasifier was initially done by the Babcock & 
Wilcox Co. in cooperation with the USBM.°”’** Sub- 
sequently a semiplant-scale unit (see Fig. 6) and 
eventually a full-scale unit were installed at the 
Belle, W. Va., works of the du Pont Co. The full- 
scale plant has a capacity of about 17 tons of coal 
per hour and can produce 25 MMCF of CO+ Hz per 
24-hr day. The gasifier is a refractory-lined 
vessel having a circular cross section and a pri- 
mary and a secondary reaction zone. Tempera- 
tures in the primary zone are high enough to melt 
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the coal ash, and molten slag is continuously tapped 
from the bottom of the chamber. A portion of the 
refractory surfaces in the primary reaction zone 
are subject to attack by slag, and periodic replace- 
ment is necessary. Coal is conveyed into this unit 
by steam at a temperature of 325° F. Reactants are 
injected downward, with flow reversal occurring in 
the primary zone. Operating data on the full-scale 
unit have not been published. Detailed data on 
USBM’s pilot-plant work have been published,” and 
typical operating results of the semiplant-scale 
unit’’ are presented subsequently in Table VII. 

The Rummel single-shaft slag-bath gasifier was 
developed by the Union Rheinische Braunkohlen 
Kraftstoff A.G., in Wesseling, West Germany.°”®° 
The gasifier is a cylindrical, water-cooled vessel 
with an inside diameter of 5 ft 11 in. An annular 
slag bath approximately 20 in. deep, and with a cen- 
tral outlet, is maintained at the bottom of the gasif- 
ier. The reactants are injected into the slag bath 
through twelve tangential water-cooled nozzles. The 
kinetic energy in the entering reactants imparts a 
rotary motion to the slag bath, which has a periph- 
eral velocity of 10 to 20 fps. Thus, the reactants are 
brought into intimate contact with each other and 
with the slag. The slag acts chiefly as a heat storage 
and transfer medium, and holds larger particles at 
the surface for reaction with the gasifying medium. 
The product gas flows up through the gasifier and 
heat-recovery system. Entrained solids are re- 
moved in a cyclone separator, and recycled as feed 
to two of the fuel nozzles. Under such conditions, 
99 pct of the carbon fed is gasified. 

The full-scale plant has produced, from brown 
coal, up to 560,000 SCF of synthesis gas per hour 
containing 84.1 pct of CO + Hz by volume. The 
capacity of the unit was limited by the heat-recovery 
system, and it is claimed that the generator is 
capable of producing 680,000 SCF of gas per hour. 
Low heating value gas may be produced from air and 
steam. Performance data for both the large-scale 
and pilot unit in gasifying coal with oxygen and 
steam are given subsequently in Table VII. 

The Rummel! double-shaft slag-bath gasifier™ is 
an interesting variant of the development of slag- 
bath gasifiers. Air and fuel are injected tangen- 
tially into one shaft (see Fig.7), and steam and fuel 
are injected into the other shaft. Vertical partitions 
slightly submerged in the slag bath separate the 
streams. The endotherm of the gasification re- 
actions is supplied by heat generated in the com- 
bustion shaft, and transferred by the rotating slag 
bath to the gasification shaft. This gasification sys- 
tem has been studied experimentally in aunit having 
an internal diameter of approximately 3 ft, but per- 
formance data have not been published. If this de- 
velopment is successful, there will be available a 
continuous process for producing synthesis gas 
with use of air instead of oxygen. 

A number of experimental studies of the gasifica- 
tion of pulverized coal with oxygen and steam under 
slagging conditions have been made by USBM and 
others with intermediate and small-scale gasifiers. 
These studies have developed basic information on 
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Fig. 7—Rummel double-shaft slag bath gasifier. 


the effect of process variables, and have provided 
operating experience useful in designing large- 
scale units. 

The effect of steam preheat temperature in reduc- 
ing oxygen and coal requirements is shown in Table 
V. 

This work demonstrated the feasibility of oper- 
ating with high steam preheat temperatures, but did 
not consider in detail the overall economics of 
steam preheat in large-scale gasifiers. It was sub- 
sequently reported” that preheating steam to 2500° 
to 3000°F ‘‘involved mechanical difficulties that 
largely offset the savings in oxygen cost, at least 
under some conditions.’’ 

An extensive process variable study of the oxygen- 
steam gasification of anthracite, bituminous A, and 
subbituminous C coal at feed rates ranging from 
400 to 1000 lb per hr was made by USBM investi- 
gators.” Statistical analysis of the data yielded in- 
formation on the effect of oxygen/coal and steam / 
coal ratios at a given coal feed rate on oxygen re- 
quirement, coal requirement, carbon conversion, 
exit gas temperature, and heat loss. 
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Fig. 8—Simplified flow diagram of the Texaco 
gasifier.” 


The results obtained in the gasification of the 
three types of coal are summarized in Table VI. On 
the basis of oxygen and carbon requirements, the 
order of preference of rank for gasification under 
the conditions studied would be: 1) subbituminous C, 
2) bituminous A, and 3) anthracite. This same order 
is indicated for reactivity as measured by carbon 
conversion. 

Comparatively small-scale pilot-plant studies of 
the gasification of pulverized coal with oxygen and 
steam have been made in a tubular reactor under 
laminar flow conditions,® in a cyclone gasifer,”* and 
in a vortex reactor.°”®° The latter investigation 
presented information on some of the basic charac- 
teristics of gasification reactions in a vortex, and 
proposed a method for extrapolating experimental 
results to those that would be obtained in an adiabatic 
reactor. 

Laboratory and intermediate-scale investiga- 
tion®*’®® of resonant-tube reactors for gasifying 
bituminous coal with air have demonstrated high 
specific throughputs as a consequence of turbulence 
and high relative motion between suspended particles 


Table V. Effect of Steam Preheat Temperature on Average 
Requirements per MCF CO +H, Produced®! 


Steam 
Temperature, °F Coal, Lb Oxygen, SCF Steam, Lb 
2,904 33.3 171 81.1 
1,899 Sia 326 42.5 
238 42.3 394 29.1 


Table VI. Comparison of Bituminous A, Anthracite, and Subbituminous C at Equivalent Carbon Input and Steam/Carbon Ratios®5 


Material Requirements 
per MCF CO+H> 
Oxygen/Carbon 


Carbon Gasified, Calculated Exit-Gas Heat Loss, 


Coal Rank Ratio, SCF per Lb Oxygen, SCF Coal, Lb Pct Temperature, °F Btu per Lb Coal 
360 48 65 2,100 525 
15.0 410 38 90 2,300 950 
rs coe 465 53 61 2,000 925 
15.0 540 42 80 2,100 925 
SubbituminousC 310 53 79 1,800 475 
15.0 400 47 92 2,100 475 
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and the gasifying medium. This work directed at- 
tention to the many mechanical, material, and noise 
problems that would have to be solved if this sys- 
tem were to be developed further. 

Superatmospheric Pressure Processes—The 
Texaco gasifier is the only high-pressure suspen- 
sion gasification process that has ever been operated 
on an industrial scale. One unit operating at 400 to 
500 psig was installed at the plant of the Olin 
Matheson Chemical Corp., in Morgantown, W. Va.,” 
for production of gas for the synthesis of ammonia. 
The reported capacity of this unit was 5840 MCF per 
day, but no data on its performance have been pub- 
lished. 

Some information has been published on the Tex- 
aco pilot plant,’* a schematic diagram of which is 
shown in Fig. 8. A coal-water slurry containing 40 
to 60 wt pct of coal is pumped through a preheater 
in which the water is vaporized and the mixture 
heated to temperatures of 1000°F or more. The 
steam/coal ratio is adjusted by separation of some 
of the steam from the mixture in a cyclone ahead of 
the gasifier. This steam-coal mixture enters at the 
top, either axially or tangentially. Preheated oxygen 
is fed through a separate water-cooled nozzle 
oriented to prevent impingement of oxygen on the 
wall of the reactor. Slag flows through a constricted 
opening at the bottom, is granulated by quenching in 
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Fig. 9—Bureau of Mines pressure gasifier No. ca 


water, and removed as a finely divided suspension 
in water. The gas leaves at the bottom, and passes 
through a waste-heat boiler. The pilot unit operates 
at 200 psig, and has a reaction volume of 2 cu ft.” 
The temperature in the reaction zone may range 
from 2000° to 2500°F. 

Throughputs of 300 lb of coal per cu ft of reaction 
volume per hour have been attained, although it is 
reported that throughputs were limited by the ca- 
pacity of the feed system. The only performance 
data reported” indicate carbon conversion ranging 
from 90 to 98 pct, thermal efficiency ranging from 
75 to 80 pct, and oxygen requirements to 350 to 
375 SCF per MCF of make gas. The gas contained 
about 8 pct COz, 1 pet CH4, and had a H2/CO ratio 
approximating unity. It has also been reported that 
‘‘The oxygen consumption rates ultimately expected 
are 15,000 to 20,000 SCF per ton of dry coal with 
80 to 90 percent of the heating value of the coal 
appearing in the form of hydrogen and carbon mon- 
oxide in the synthesis gas.’’”* 

The high-pressure (450 psig) gasification pilot 
plant operated at USBM’s Morgantown Station has 
yielded extensive information on the operability of 
pressure gasification reactors with different 
methods of feed introduction and reactor construc- 
tion.”*”° The latest design, which has a high-tem- 
perature reaction zone 10 in. diam and 37 in. long, 
is shown in Fig. 9. Coal is metered and con- 
veyed into the reactor by means of a pressurized 
fluidized feeder.”” Performance data” for this 
reactor when operated at 300 psi are given sub- 
sequently in Table VII. 

A statistical analysis has been made of the results 
of tests in the water-cooled pressure gasifier show- 
ing the effect of pressure, coal rate and oxygen/coal 
ratio on the performance of the unit.”© In another 
analysis, the test results were corrected to a 
constant heat loss of 36 Btu per SCF of CO+ Hp.” 
This correction was based on the observed rela- 
tion between SCF of oxygen per MCF of CO + Ha, 
and heat loss per MCF of CO + He, which hada 
slope of 3.0 SCF of O: per MBtu heat loss. With 
effects due to heat losses eliminated, the effect of 
residence time (volume of reaction zone divided by 
volume of gas at reaction conditions) may be shown 
(see Figs. 10 to 12). In this analysis it is assumed 
that pressure has no effect on the kinetics of the re- 
action, but merely affects residence time at a given 
throughput. It is stated that coal and oxygen re- 
quirements are approximately linear functions of 
the reciprocal of the residence time. Fig. 12 indi- 
cates an extremely rapid initial rate of carbon con- 
version as a result of the rapid oxidation reactions, 
and the gasification of the more reactive carbon. The 
rate of carbon conversion decreases markedly as 
the carbon conversion increases. For example, in- 
creasing the residence time from 1 to 2 sec in- 
creases the carbon conversion by about 1 pct. 

Part of the Bureau of Mines’ gasification pro- 
gram is concerned with feeding coal” carrier gas 
suspensions into pressure vessels. Basic heat 
transfer and operating data are being obtained on 
the slurry system, and studies are being made of a 
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Table VII. Performance Data for Some Gasification Systems‘ 


Industrial Experimental 
B. & W. du 
Koppers Pont at Flesch USBM at 
Totzek, West Winkler Rummel Lurgi at Demag at IGT at Morgan- 
at Oulu, Virginia, at Wesse- Holten, Ludwigshafen, Rummel at Chicago, town, 
Using Using Leuna, Wirth at ling, Using Using Wesseling, Using Using 
Bitu- Bitu- Using Leuna, Using Bitu- Bitu- Using Bitu- Bitu- 
minous  minous Brown Using Brown minous minous Ruhr minous minous 
Coal Coal Coal Coke Coal Coal Coal Coal Coal Coal 
Operating pressure, atm 1 1 1 1 1 20 1 1 5 20 
Input 
Buel! lb per hr 4280 2620 64800 12900 20280 2270 3430 3300 438 1287 
Fuel (based on gross H.V.), 
per 380 6330 1600++ 2025 250+ +t 460 450 53 178 
Oxygen, lb per hr 3352 2204 31000 10000 12015 795 2885 2690 380 1040 
Steam, lb per hr 2315 2290 18380 10830 2645 4440 4100 2360 657 390 
Steam temperature, °C 128 163 - - 750 500 - 710 680 480 
Gas composition, vol pct 
Co, 12.6 16,2 15.7 SoS 13.68§ 30.6 10.7 13.6 21.6 11.0 
CoHm 0 0.4 0 0 - 0.3 0.6 0 0 0.5 
O, Opal 0.2 0 0 - 0 0.2 0 0 0 
co Su 40.2 44.4 68.0 52.0 16,2 46.1 42.5 32.6 52:5 
iat, 34.0 39.4 36.0 28.0 SY} 42.9 37.2 42.5 40.9 32.4 
CH, 0.1 0.7 1.6 0 0.4 9.2 1.8 0.2 0 0.3 
N, 1.9 2.9 0.8 0.5 1.9 0.5 3.4 12 4.9 3.2 
Hydrogen/carbon monoxide ratio 0.67 0.98 0.81 0.41 0.62 2.62 0.81 1.0 125 0.64 
Gross H.V., Btu/SCF AN 268 267 306 272 287 290 273 234 282 
Gasifier outlet temperature, °C* = 1200 800 to 380 1000 570 300 to 1200 1480 - 
900 400 
Material requirements/MCF CO+H, 
Fuel, lb 39.5 33.9 55.2 27.8 40.6 54.0 30.6 26.8 31.8 38.6 
Fuel, therms 4.77 4,91 5.39 3.44 4.07 6.80 4.10 3.62 3.86 5.00 
Oxygen (97 pct), lb 31.4 28.5 26.6 21.5 24.0 20.2 21,7 21.8 26.7 30.4 
Steam, lb Dies, 29.6 16.0 233 533) 36.6 19.1 48.0 
Steam generated/MCF CO+H,, 1b 42.4 0 0 41.9 22.5 28.2 0 29.7## 
Performance 
Specific gasification rate, 
therms per sq ft-hrt 19.4 70.6 169.3)" 22.6 83.3 32.0 174 
Specific gasification rate, 
therms per cu ft-hrt 0.38 1.33 2235 9.0 0.50 2.8 3.8 60tt 
Steam decomposition, pct§ 29.7 40.0 40.2 85tt 35.25 75.0 52.0 
Carbon conversion, pct# 88.6 84,1 80.0 - 98.6 84tt - 99.0 100 88 
Reference** 1 y} 3 4 5 6 7 5 8 9 


*Temperature at entry to heat exchanger or spray-cooling system. 

tPotential heat of make gas/cross section area of shaft. In the case of fixed-bed gasifiers, this relates to cross section area at top of shaft. 
tHeight of shaft below heat exchangers only used in calculating the volume. 

§Unless marked otherwise, steam decomposition has been calculated: 


H, in gas —H, in coal + (O, in coal/8) 


Fixed-bed gasifiers = 


H, in gas —H, in coal + (O, in coal/8) 
H, in (steam blast+ moisture from coal) 


Suspension gasifiers = 


#Carbon in gases/carbon in input fuel. 

**References: 1) F. Totzek: Coke and Gas, 1954, vol. 16, p. 89. 2) P. R. Grossman and R. W. Curtis: Transactions, ASME, 1954, vol. 76, p. 689. 
3) R. J. Morley: B.!.0.S. Final Report No. 333. 4) W. H. Odell: Information Circulation 7415, U.S. Bureau of Mines, 1947. 5) Union Rheinische 
Braunkohlen Kraftstoff, A. G. Wesseling, and C. Otto and Co., Bochum, private communication. 6) F. J. Dent: Research Communication GC8, Gas 
Council, London, 1953, part b. 7) W. Flesch:/nternational Conference on Mined Coal, Liege, Paper D2, 1954. 8) C. G. von Fredersdorff and E. Je 
Pyrcioch: Proceedings, Amer. Gas Assn., 1953, p. 968. 9) Report of Investigations 5043, U.S, Bureau of Mines, 1954. 

ttStated in reference. 

ttApproximate value. 

§§Includes CO, for fuel conveying. 

##Equivalent steam generated (water-cooled gasifier), 


steam-pickup system. Development work is also reaction zone volume) connected to an insulated 
being done on a feeder fluidized in two annular slag catch pot. 
zones to improve the performance of the pneumatic The IGT pilot plant was operated on caking and 
feeder developed at Morgantown. noncaking coal at pressures up to 7 atm. Coarsely 
Pilot plant studies of pulverized coal gasification pulverized (—20 mesh) coal was used, with additional 
at pressures up to 7 atm have been made by the fineness imparted by the nozzle system. The effect 
Inst. of Gas Technology (IGT),** in a downflow slag- of pressure, oxygen concentration, and oxygen/coal 
ging system operated at coal feed rates of up to ratio, on gas composition, material requirements 
1450 lb per hr. The gasifier consisted of a refrac- and gasifier performance was investigated exten- 
tory-lined noncooled reactor (11.65 cu ft effective sively. The effect of oxygen/coal ratio on material 
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requirements and carbon conversion with noncaking 
high-volatile B bituminous coal is shown in Fig. 13. 
Optimum requirements corresponding to 90 pct C 
conversion are: 31 lb of coal, 33 lb of steam, and 
312 SCF of total oxygen at 115 psia. Typical oper- 
ating results are given in Table VII. 

Comparison of Oxygen-Steam Gasification Proc- 
esses—lIn the final analysis, gasification processes 
must be compared on the basis of the total cost of 
the finished product. However, since material costs 
comprise a significant fraction of the total cost of 
gas, it is frequently helpful to use such criteria as 
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Fig. 13—Reactant requirements per MCF CO + H, in 
IGT tests with noncoking coals at feed rates of 300‘to 
600 lb per hr.®* 


carbon conversion, steam decomposition, fuel, 
oxygen and steam requirements, and thermal ef- 
ficiency in comparing different processes. An ex- 
cellent and extensive discussion of the comparison 
of gasification processes has been published by Hoy 
and Wilkins,’ who also summarized performance 
data for a number of gasification systems, as shown 
in Table VII. 


PRODUCTION OF PIPELINE GAS 


Synthetic pipeline or high-Btu gas is a high- 
methane-content gas that could be directly sub- 
stituted for natural gas. Synthetic pipeline gas pro- 
duction processes are still in the developmental 
stage, and there are no full-scale commercial 
processes in operation in the world today (1960). 

The time when supplemental synthetic pipeline 
gas will be produced in the U.S. cannot be pre- 
dicted with any degree of certainty, because it de- 
pends on many inderterminate factors. Some of the 
more important of these are: 1) the future rate of 
exploration for gas and petroleum, 2) the future 
demand for gas, 3) estimated ultimate gas re- 
serves, 4) future price of gas, and 5) cost of pro- 
duction of synthetic pipeline gas. One analysis” of 
this problem which considered a range of ultimate 
gas reserves and future gas demand indicated that 
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supplemental synthetic pipeline gas may be required 
in the U.S. sometime between 1970 and 1980. 

Synthetic pipeline gas may be produced by either 
of two general processing schemes. In one, a high- 
Btu gas consisting essentially of methane is pro- 
duced from a mixture of carbon monoxide and hy- 
drogen that is made from coal, oxygen and steam. 
This is known as the methanation process, and re- 
quires: 1) one of the synthesis gas production proc- 
esses reviewed in the preceding section, and 2).4 
process for catalytically converting the carbon 
monoxide and hydrogen in the synthesis gas into 
methane. 

The second process for making high- Btu gas in- 
volves direct hydrogenation (hydrogasification) of 
either coal or oil shale. In the case of coal, the 
following steps are necessary: 1) Pretreatment of 
the coal to destroy its coking properties, to prevent 
particles sticking together under hydrogenation con- 
ditions. This step is not required in the case of 
lignitic coals. 2) Production of methane by hydro- 
genation of the pretreated coal at a temperature of 
1300° to 1400°F in a fluidized bed at pressures 
ranging from 1000 to 1500 psia. 

Methanation of Synthesis Gas: Catalytic conversion 
of synthesis gas to methane has been studied ex- 
tensively in fixed- and moving-bed reactors**™* 
using supported-nickel catalysts. This reaction is 
highly exothermic, so heat must be removed from 
the reactor to maintain substantially isothermal 
conditions. To avoid excessive temperature grad- 
ients in fixed beds, a complex heat exchange surface 
must be provided, or high rates of gas recycle must 
be used.*”’® Uniformity of temperature, and high 
rates of heat transfer, characteristic of fluidized 


beds, led to the development of a partially extracted 
Raney nickel catalyst for use in this type of con- 
tacting system.” Nickel catalysts are extremely 
sensitive to poisoning by sulfur compounds, losing 
activity rapidly when the catalyst contain 0.5 lb S 
per 100 lb Ni.*”°? Accordingly, sulfur must be re- 
moved from synthesis gas to extremely low con- 
centrations (0.002 to 0.01 grains per 100 cu rl pas dae 
depending on the space velocity and the economic- 
ally acceptable catalyst life. 

Designs and economic evaluations have been made 
of the methanation process with synthesis gas pro- 
duced in Lurgi generators,” and in suspension 
gasifiers operating at elevated pressure.”’” A proc- 
ess flowsheet for the latter case is shown in Fig. 14. 
The investment cost (1958 dollars) for a plant 
capable of producing 90 MMCF of 930 Btu/SCF gas 
per day is $1055 per daily MCF with diethanolamine 
purification, and $900 per daily MCF with hot car- 
bonate purification.°* With a 330-day operating 
year, and coal at $4 per ton, the selling price of gas 
with 12 pct gross return (defined as return on in- 
vestment before income taxes) is estimated at $1.13 
and $1.04 for the first and second cases, respec- 
tively. A deviation of $1 per ton in coal price will 
vary the cost of gas by $0.08 per MCF. 

The investment cost for a plant using Lurgi 
generators and producing 90 MMCF of 940 Btu/ 
SCF gas per day is estimated at $850 per daily 
MCF. With a 330-day operating year, with char at 
$5 and coal at $4 per ton, the selling price of gas 
with 12 pct gross return on investment is estimated 
at $0.92 per MCF. In this process the hourly feed 
to the Lurgi gasifiers would be 184 tons of coal, 
97.4 tons of oxygen, and 695,500 pounds of steam. 


COAL COAL 17.2 x10® | 
248 TONS/HA | PREPARATION SCF/HR 
GASIFIER | 2200°F |waste-HEAT| 700°F HEAT 300° F DUST 300° F 
1000° F 375 PSI H,O 12.5 |RECOVERY #1 "| EXCHANGER REMOVAL 
OXYGEN 183.7 TONS/HR 
PLANT He 33.2 t WATER 
CO 47.1 164,500 LB/HR STEAM 
CO2 7.2 > 375 PSI 
1000°F 
148,800 LB/HR STEAM _. 200,300 LB/HR STEAM 
1000°F 375 PSI <= 500°F 355 PSI 
13.8 x 10° 19.6 x 10° 21.4 x 108 
SCF/HR SCF/HR SCF/HR 
100° F PURIFICATION|, |OO°F HEAT 425°F WASTE-HEAT|. 800°F SHIFT y 
74.9 UNIT 52.6 | EXCHANGER RECOVERY #2 8.1 | CONVERTER 
CO 25.0 cO 17.6 H, 48.3 
COz2 29.8 [water co 16.2 
6 CO2 274 
1.46 x10° LB/HR STEAM 314,000 L8/HR STEAM _ 
50 PS! 325 PSI 
27.6 x 10 
SCF/HR 
RECYCLE 2:1 100°F 
8.2 
co AGS PIPELINE GAS 
428°F CO2 1.9 3.75 x 108 
347 x 10° CHs 89.0 SCF/HR 
SCF/HR 100°F 
METHANATION| 800°F_IWASTE-HEAT | 448°F 306° F GAS 
000 PSI 
7.4 
POOLING WATER Os WATER | T coouins WATER 85°F 
85°F 448,000 LB/HR STEAM. 20,500 GPM 
5300 GPM 15°F CH, 80.5 325 PSI 500°F 


Fig. 14—Process flowsheet for production of high-Btu 
by methanation.™ 
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gas by oxygen-coal pressure gasification followed 


Table VIII. Material Requirements (Coal Gasifier Only) for Production of Methane from Synthesis Gas by Various Processes” 


Process* 
USBM, 75 PAN, KT IGT, 64 
Using Using Using sin L, 82 22 20Usi 
_Usi g WGS, PROD,*°U 
Coal Type Bituminous Bituminous Bituminous Bituminous Using Char Using Coke Barley Aehecite 
Pressure, atm 21 iL 1 Wo. 
, 1 1 
Outlet temperature, °F 2500 2350 2300 2500 1100 1200 880 
Oxygen/water inlet mol ratio 15 0.65 0.81 0.45 0.77 0.38 0.29 
Inlet steam temperature, °F 625 930 250 1500 500 210 285 
Inlet oxygen temperature, °F 625 930 100 100 500 210 285 
Inlet steam decomposition, pct 25 25 25 31 34 54 52 
C gasified, pct 90 84 85 92 97 99 
Requirements/MCF CH, 
C, Ib 96.5 119 ibe 93.5 84 100 87 
Coal (or coke), Ib 137 185 168 125 112 111 110 
Steam, 1b 42 PL 85 131 360 152 154 
Oxygen (100 pct), SCF 1332 1060 1444 1248 584 1144 951 
C appearing as CH, by methana- 
tion, pct Se) 26.7 28 34 38 32 36.6 


*USBM = U.S. Bureau of Mines; PAN = Panindco process; K-T = Koppers-Totzek gasifier; IGT = Institute of Gas Technology; L = Lurgi unit; 


WGS = water gas set; PROD = producer. 


Coal used for other purposes is estimated at 37 tph. 


Approximately 50,000 hp is required for the pro- 


duction of oxygen, and is supplied by steam tur- 
bines. Carbon dioxide is removed by the hot car- 


bonate process. 


A comparison of the gasification material re- 
quirements for the production of methane from 
synthesis gas produced in different gasification pro- 


cesses is shown in Table VIII.” 


Hydrogasification: The gasification of coal by re- 
action with hydrogen is referred to as hydrogas- 
ification, in contradistinction to general coal hy- 
drogenation reactions in which both gaseous and 
liquid products are formed. The importance of hy- 
drogasification as a processing technique was not 
recognized until 1937, when Dent and his coworkers” 
reported their results on the synthesis of gaseous 
hydrocarbons at high pressure. Since that time, 
the production of high-heating-value gases by the 
direct hydrogasification of coals and chars at 
elevated temperatures where essentially no liquids 
are produced has been investigated in the laboratory 


and pilot plant by these and other workers, and 
several reviews of this field have been made. 


2ic 
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Fig. 15—Theoretical process vequirements for con- 


100 
version of carbon to methane, 


Although beyond the scope of this review, it should 
be mentioned that oil shale may also be hydrogasi- 
fied directly. 

The hydrogasification of coal to produce methane 
has an inherent thermochemical advantage, in 
comparison with the catalytic methanation of syn- 
thesis gas produced by gasifying coal with oxygen 
and steam. This may be demonstrated from the 
theoretical material requirements for three ideal 
processes shown in Fig. 15." The theoretical ef- 
ficiencies (with recovery of sensible and latent heat) 
of the three processes are 75.4 pct for gasification 
and methanation, 90.5 pct for partial hydrogenation, 
and 87.9 pct for direct hydrogenation. Partial hydro- 
genation appears to be the most promising alterna- 
tive, because it has the highest potential efficiency, 
and is more generally applicable than complete hy- 
drogenation, which probably cannot be attained in 
practice except possibly with lignite as a feed, or 
with a large excess of hydrogen. In the latter case 
methane would have to be separated from the excess 
hydrogen to yield a high-Btu gas. 

The maximum concentration of methane, and hence 
the maximum heating value of the gas which can be 
produced by the reaction of hydrogen with either 
graphite or coke at various temperatures and pres- 
sures, is shown in Fig. 16.° High pressure and low 
temperature favor the production of methane in 
accordance with equilibrium considerations in the 
reaction: 


CH, 


Laboratory studies of coal hydrogasification in 
fixed beds,®”*°* batch autoclaves, batch 
fluidized beds, and flow systems, have shown 
that the rapid reaction of hydrogen with coal or char 
begins at approximately 500° to 550°C (932° to 
1022°F). The rate of production of hydrocarbons is 
greatest in the first stage of conversion of coal into 
gas, which is characterized by pyrolysis and hy- 
drogenolysis of the more reactive coal constituents. 
As the conversion of coal increases, the residue 
becomes progressively less reactive as the carbon 
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Fig. 16—Percentage of methane in a mixture of 
methane and hydrogen in equilibrium with graphite 
and coke at various temperatures and 50 atm 
pressure,® 


structure becomes more graphitic in nature. 

To avoid agglomeration when coals are heated 
under pressure, they must be pretreated before 
hydrogasification.” Studies have been made”™”’ of 
the effect of conditions of pretreatment on hydro- 
gasification results, and on the agglomerating 
tendencies of pretreated feeds. 

Pilot-scale tests on hydrogasification have been 
made by Dent and coworkers in batch™’ and fluid- 
ized-bed reactors.” In two recent pilot plant 
studies,” °® the effect of a number of process 
variables on the continuous hydrogasification of 
coal and char in a fluidized bed has been investi- 
gated. The effect of pressure at constant tempera- 


Table IX. Pressure Hydrogasification of Low-Temperature 
Char* in a Cocurrent Fluid Bedt:!9 


Operating Conditions 


Reactor pressure, psig 516 1031 1512 2004 
Max reactor temperature, °F 1405 1410 1435 1415 
H,/char ratio, SCF per lb 5.86 10.60 19.43 23.1 
Char space velocity, lb per cu ft-hr 80.8 84.7 
Hydrogen residence time, mint 134 1.33 
Operating Results 
Product gas yield, SCF per lb 6.02 8.75. 16.08 
Product gas net Btu recovery, 
Gaseous hydrocarbon space-time 
yield, SCF per cu ft-hr 188 335 505 669 
Net moisture—ash-free char 
hydrogasified, wt pct§ 35.5 
Feed H, reacted, SCF per lb 2.805) 6228) 912.34" 16.26 
Product Gas Properties 
Composition, mol pct 
N, 4.0 1.7 
co 3.9 2.5 2.0 2 
CO} 2.5 0.4 0.1 0.2 
50.8 49.4 48.1 42.6 
38.4 44.7 47.7 53.1 
0.2 0.3 0.2 0.3 
Benzene 0.2 0.2 0.2 0.1 
Total 100.0 100.0 100.0 100.0 
Heating value, Btu/SCF (sat.) 568 624 6 678 


Specific gravity (air = 1) 0.370 0.374 0.343 0.369 


*Low-temperature bituminous coal char, Consolidation Coal Co. 
Montour No. 10 mine. Particle size: 60 to 325 mesh U.S. Sieve. 

tBed height, 4.714 ft; volume, 0.07391 cu ft. 

tChar bed volume per cu ft-min H, at reactor pressure and tempera- 
ture. 

5100 product gas— wt H, 


wt moisture—ash-free char 
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ture, and char and hydrogen residence times, is 
shown in Table IxX.* 

At present (1960) there are no full-scale hydro- 
gasification processes in operation, although there 
are several process concepts under consideration. 
Dent’s original work on hydrogasification evolved 
from studies of the reactions occurring in the upper 
sections of a Lurgi generator, with a view toward 
obtaining a higher degree of enrichment. One con- 
cept for accomplishing this, with an extended hydro- 
genation zone above the steam-oxygen gasification 
zone, is shown in Fig. 17.’” A variant of this con- 
cept for producing a substitute for natural gas in- 
volves the separation of methane by liquefaction, 
with recycle of the hydrogen. This proposed hydro- 
gasification process™ gives the theoretical fuel and 
oxygen requirements per MCF of methane shown in 
Table X; they are considerably less than would be 
obtained in the methanation of synthesis gas (com- 
pare Tables VIII and X). 

A hydrogasification process using a combination 
of fluidized beds and suspension gasification (Fig. 
18) has also been conceived by Dent,*”’ who has 
estimated the overall thermal efficiency, including 
oxygen manufacture, as 80 pct in the production of 
gas with a heating value up to 600 Btu/SCF. Birch 
and coworkers™ suggest a three-section counter- 
current reactor for hydrogasification. Coal would 
be fed into the top section, which would be fluidized, 
and in which the reactive constituents of the coal 
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Fig. 17—Modified Lurgi generator with upper 
hydrogenation chamber.\° 
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Table X. Theoretical Material Requirements (Reactor Only) 
for Production of Methane by Hydrogasification of Coal 
with Synthesis 94 


Pressure, Atm 


50 200 

Oxygen/water inlet mol ratio 0.1 0.15 0.1 0.1 
Hydrogen/water inlet mol ratio 1.8 2.4 0.75 1.0 
Inlet steam decomposition, pct 30 40 30 40 
Requirements—MCF CH, 

Pure C, 1b 67.5 68t 64.5 63 

Coal, at 95 pct gasification, ib 95t 96t 90.5 88 

Steam, 1b 111 79 151 110 

Oxygen (100 pct), SCF 256+ 273t 318 230 
Theoretical C appearing as CH,, pct 43 43 49 51 
Hydrogen recycle, mol per mol CH, 3.5 3.4 1.8 v7 


*Inlet temperature: steam, 1000°F; hydrogen, 800°F; oxygen and 
coal, 60°F. Outlet temperature: 1700°F. 
tIncreases by 10 pct over theoretical values. 


would be hydrogasified at 750° to 800°C (1382° to 
1472°F). The char would pass through an inter- 
mediate baffled section to maintain a temperature 
gradient of 800° to 950°C (1472° to 1742°F) through 
the section. The lower section would be fluidized 
to make the heat of reaction available for heating 
incoming gas to reaction temperature. 

Hydrogasification processes operating at high 
pressures may be broadly grouped into three basic 
processing schemes: 1) hydrogasification of coal 
or char with an external hydrogen supply, 2) gasifi- 
cation of coal or char with steam-hydrogen mix- 
tures, and 3) complete adiabatic gasification with 
steam and oxygen, and without an external source 
of hydrogen. Within each group many variants are 
possible. If high-Btu gas is the desired product, 
several of these variants will require either sepa- 
ration of methane and recycle of hydrogen, or 
methanation of the carbon monoxide in the gas from 
the hydrogasification process. 

Development work has been done or is in progress 
on many variants of the hydrogasification process. 
The eventual processing schemes selected will de- 
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Fig. 18—Proposed hydrogasification process em- 
ploying a combination of fluidized-bed and sus- 
pension gasification.’ 


pend upon the results of this work, along with the 
type of fuel to be processed and the desired char- 
acteristics of the product gas. Although definitive 
economic analyses cannot be made, there are indi- 
cations from approximate estimates that the coal 
hydrogasification process may be less expensive 
than the methanation process for producing high- 
Btu gas. 


SUMMARY 


Coal can be completely gasified today by a 
variety of processes suitable for producing syn- 
thesis gas or high-Btu pipeline gas. These proc- 
esses embody new technology and concepts that 
have made possible the advances over complete 
gasification techniques of two or three decades ago. 
At that time the air-blown producer and the com- 
bination of carbonization followed by gasification of 
the coke in a water-gas set were the principal 
methods available. 

Today’s technology embraces extensive use of 
oxygen in coal gasification and fluidized-bed gasif- 
iers, the operation of various gasification processes 
at elevated pressures, and the operation of gasifiers 
under slagging conditions. Processes have been 
developed or are under development for the pro- 
duction of high-Btu gas either by catalytically con- 
verting synthesis gas to methane, or by the direct 
reaction of coal with hydrogen to produce a methane- 
rich gas. 

Coal is used for the production of synthesis and 
public utility gas in many parts of the world today. 
Under present competitive fuel conditions in the 
United States, coal is not the most economical raw 
material for the production of either synthesis gas 
or high-Btu pipeline gas. However, in the opinion of 
many individuals, the production of high-Btu gas 
from coal will be necessary in 10 to 20 years to 
supplement our supplies of natural gas. With our 
large coal reserves, their wide geographical dis- 
tribution, and with continued advances in gasification 
technology, it is inevitable that one day coal will 
play a major role in supplying energy in the form of 
gaseous fuel. 
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DESIGN AND PRELIMINARY OPERATION OF A SLAGGING 
FIXED-BED PRESSURE GASIFICATION PILOT PLANT 


Complete gasification to produce synthesis gas for manufacture of synthetic 
chemicals and fuels offers possibilities for utilization of the vast lignite fuel 
deposits in the U.S. The design of a slagging, fixed-bed, pressure gasifica- 
tion pilot plant is described. Results are presented for initial operation of 
the plant at moderate pressure and using low-temperature char as fuel. 


asification of solid fuels is becoming increasingly 
Ga in the future overall energy picture, 
both in this country and abroad. Snythesis gas from 
gasification of coal consists chiefly of carbon mon- 
oxide and hydrogen, and after suitable purification 
and modification this gas can be used in the pro- 
duction of synthetic ammonia, methanol, higher 
alcohols, and synthetic liquid fuels, or as a reduc- 
ing gas in the metallurgical field.’ 

Most synthesis gas used in this country is made 
from natural gas, petroleum oils, and refining tail- 
gases, but the direct gasification of coal will be- 
come more attractive as costs of petroleum oils 
and natural gas increase.” 

A gasification process designed for use with 
brown coal and lignite was developed by the German 
Lurgi Co. prior to World War II. In this process a 
fixed bed of lump-sized fuel is gasified with steam 
and oxygen at pressures ranging from 370 to 440 
psi. Effective heat exchange between the ascending 
high-temperature gases and the descending solid 
fuel results in low gas outlet temperatures, high 
thermal efficiency, and favorable oxygen consump- 
tion. Lurgi gasifiers are used commercially for 
the production of synthesis gas or as a substitute 
for coal gas in many countries, including Germany, 
Czechslovakia, Great Britain, South Africa, Aus- 
tralia and Pakistan.* ° 

The chief disadvantage of the conventional Lurgi 
gasifier which operates under nonclinkering condi- 
tions is that large quantities of excess steam must 
be supplied with the oxygen-steam mixture to reduce 
the temperature in the fuel bed below fusion tem- 
perature of the ash. Most of the steam leaves the 
gasifier undecomposed with the product gas and, 
after cooling, produces large amounts of dilute 
liquor. 


W.H. OPPELT is formerly Project Coordinator, Lignite 
Utilization, and G. H. GRONHOVD is Supervisory Mechan- 
ical Engineer, Grand Forks Lignite Research Laboratory, Bu- 
reau of Mines, U.S. Dept. of the Interior, Grand Forks, N.D. 
TP 61F18. Manuscript, Sept. 29, 1960. St. Louis Meeting, 
February 1961. Discussion of this paper, submitted in dupli- 
cate prior to July 1, 1962, will appear in AIME Transactions 
(Mining), 1962, vol. 223. 
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by W. H. Oppelt and G. H. Gronhovd 


Evaluation of fixed-bed gasification experiments 
using dry-ash removal indicated that by increasing 
the oxygen concentration in the oxygen-steam blast 
the temperature in the combustion zone could be 
raised high enough to operate under slagging condi- 
tions.” ° Operation of a fixed-bed pressure gasifier 
under slagging conditions would reduce the steam 
requirements and the volume of waste liquor and 
would increase the steam decomposition, the over- 
all thermal efficiency of the process, and the rate 
of gas production per unit cross sectional area of 
the gasifier. 

Because the Lurgi gasification process, modified 
for slagging operation, offered possibilities for ef- 
ficient gasification of American lignite, the Bureau 
of Mines decided to investigate the process on a 
pilot-plant scale at the Grand Forks, N.D., Lignite 
Research Laboratory. 


DESIGN 


Description of Pilot Plant: A flowsheet of the Grand 
Forks slagging gasification pilot plant is presented 
in Fig. 1. The gasifier unit consits of the coal lock, 
the gas generator, and the slag lock. The fuel, 

which is periodically charged to the coal lock, moves 
by gravity flow into the generator and is continuously 
gasified by an oxygen-steam mixture introduced at 
the bottom of the gasifier. Molten slag is formed at 
the hearth and flows through a central taphole into 

a water quench bath. The slag-water slurry is 
periodically discharged from the slag lock. 

Process steam is generated and superheated in 
separately-fired, oil-burning units. Oxygen is sup- 
plied to the gasifier from a gas storage bank located 
some distance from the pilot plant. The capacity of 
the oxygen storage bank is about 130,000 standard 
cu ft at 2200 psig. Liquid oxygen is delivered by 
truck and is converted to gas during the filling 
operation. The superheated steam and oxygen are 
metered separately, then mixed and fed to the gasif- 
ier tuyeres. 

The gas generator is surrounded by a water jacket. 
The steam formed is separated in the steam drum 
and then discharged to the gas offtake, thus equaliz- 
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Fig. 1—Process flowsheet for fixed-bed pressure gasification pilot plant. 


ing the pressures on both sides of the inner wall of 
the water jacket. 

The product gas leaving the gasifier and containing 
dust and tar vapors is scrubbed in the spray cooler 
with cooled recycled liquor. Final cooling of the 
washed gas to approximately 60°F is accomplished 
in a tube and shell heat exchanger. Following the 
final cooling, the gas is reduced to atmospheric 
pressure and passed through a coke scrubber to re- 
move fine dust or tar mist. After being metered 
and sampled, the gas is flared to the atmosphere. 
Depressurization gas from coal lock is also dis- 
charged to the flare stack. 

Some cooled, clean product gas is compressed 
and recycled into the coal lock to prevent steam 
and tar vapors from condensing on the cold fuel. 

Gas from the high-temperature reaction zone can 
be drawn down through the taphole to aid slag flow. 
This drawdown gas is cooled in a spray washer, 
metered, and then discharged to the flare stack. 
Gasifier Design: A cross-section view of the gas- 
ifier is presented in Fig. 2. The inside diameter of 
the gasifier is 16 5/8 in., giving a fuel bed area of 
1 1/2 sq ft. The total height of the gasifier, including 
coal lock and slag lock, is 39 ft 4 in., and the maxi- 
mum fuel bed depth available is 15 ft, giving heat 
exchange and gas residence times similar to those 
of commercial Lurgi units. 

The gasifier consists of a head section, a slagging 
section, and intermediate 3 and 6-ft sections, with 
the sections being joined with large flanges. By 
removing either or both of the intermediate sec- 
tions, the fuel bed depth may be varied from 6 to 
15 ft in 3-ft increments. This flexible design per- 
mits determination of the optimum fuel bed height 
which may vary for different process conditions 
and fuels gasified. 

The gasifier is supported from mounting pads 
attached to the head section. Although the weight of 
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the gasifier (including coal lock and slag lock) is 
about 25 tons, no section weighs more than 5 tons, 
and each can be readily handled. 

Except for the slagging section, the gasifier has 
design and working pressure ratings of 700 and 
600 psig, respectively. The slagging section was 
designed for a 100-psig operating pressure to 
facilitate modifications of design during the devel< 
opment of a suitable slagging arrangement; e.g., 
cutting and welding could be done on the low-pres- 
sure vessel without subsequent stress relieving. 
This section will be redesigned and rebuilt for an 
operating pressure of 600 psig when a reliable slag 
discharging system has been developed. 

Unlike the modern high-capacity Lurgi gasifiers 
which use unlined metal walls, refractory lining 
was incorporated in the experimental unit to obtain 
heat losses, per unit of gas production, similar to 
those of commercial plants. Thickness of the re- 
fractory lining in the upper three sections was in- 
creased from 6 in., which has been used in some 
commercial plants, to 8 11/16 in. A 2 11/16-in. 
layer of high-grade mullite tile with a service 
temperature in excess of 3000°F forms the inner 
lining. This is followed by a 4 1/2-in. layer of in- 
sulating firebrick having a 2800°F service tempera- 
ture which is backed up by 1 1/2 in. of castable re- 
fractory good for 2000°F. 

The inner lining of the slagging section and hearth 
is made of 2-in.-thick silicon carbide shapes. This 
silicon carbide is backed up by 4 1/2 in. of high- 
grade alumina brick and 5 1/2 in. of insulating 
brick. The top head and attached nozzles are in- 
sulated from the hot gases with an alumina-silicate 
fiber supported by 1/8-in.-thick metal liners. The 
service temperature of the fiber is 2300°F. This 
fiber is also used as a compression joint between 
various sections of the gasifier. 

The high-pressure sections of the gasifier have a 
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Fig. 2—Design of fixed-bed pressure gasifier. 


water jacket between the refractory and the load- 
bearing shell, whereas (for design simplicity), the 
low pressure slagging section has an external water 
jacket. 

The outer shells of the 3 and 6-ft straight sections 
are fabricated from 1 3/16-in. C steel plate. The 
entire top section, with the exception of the connect- 
ing flange, is made of AISI-type 310 stainless steel. 
Wall thicknesses are 1 7/8 in. for the head piece and 
7/8 in. for the straight portion. 

Several nozzles are attached to the gasifier top 
and the straight sections to provide outlets for 
measuring temperatures and pressures, collecting 
gas samples, adding purge gas, or accommodating 
rupture disks. An auxiliary gas offtake is provided 
on the top section. Two large nozzles are used to 
accommodate thermocouples and gas sampling 
tubes for measuring temperatures and collecting 
gas samples along the center line of the fuel bed. 
Nozzles in the wall of the straight sections are used 
for temperatures and pressure elements. 
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Fig. 3—View of fixed-bed pressure gasifier and aux- 
iliary equipment. 


The coal lock, which is flanged to the top of the 
gasifier, has a capacity of about 1200 lb. The bottom 
closure is a manually operated cone valve whereas 
the top closure is a quick-opening type using a self- 
energizing rubber gasket seal. 

The oxygen-steam blast is admitted to the gasifier 
through four 3/8-in., schedule 40, water-cooled 
stainless steel tuyeres that extend into the fuel bed 
about 1 1/2 in. Each tuyere is fitted with a sight 
glass through which the reaction space can be ob- 
served and optical temperatures taken. The sight 
glasses are kept clear, during operation, with a 
stream of inert gas. 

The slag flows through the taphole into the water 
bath where it is quenched and granulated. The upper 
plug valve of the slag lock is normally open and is 
only closed during the slag discharging period. The 
water bath is fitted with a sight glass to observe the 
flow of slag from the taphole to the water bath. If 
stalactites form below the taphole, they can be 
broken off with a rotary slag breaker. Hot gases can 
be drawn down through the taphole and released 
through the standpipe along with the quench water 
overflow. A water spray ring is installed just below 
the refractory support plate to allow cooling of the 
plate and water bath flange. 

Fig. 3 is a view of the complete gasification pilot 
plant showing the coal lock being charged by the 
portable coal hopper. 
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AISI-type 304 stainless steel is used for vessels, 
pipelines, valves, and heat exchanger tubing in con- 
tact with gas, condensate, and preheated oxygen and 
steam under pressure. Brass pipes are used to 
transfer cold oxygen from the storage unit to the 
pilot plant, and carbon steel is used for all other 
piping. 

Instrumentation and Safety: The pilot plant is ex- 
tensively instrumented to provide automatic control 


of the process variables and to insure safe operation. 


Most of the indicating, recording, and controlling 
instruments are mounted on a central control panel 
located on the second floor of the pilot plant. This 
control panel appears in the right background of 

Pneumatic control systems are used throughout 
the pilot plant. Extensive use is made of differential 
pressure transmitters for transmitting flow and 
level signals to the controllers. Multipoint tem- 
perature recorders log fuel bed, refractory, and 
other temperatures throughout the systems. The 
COz2 content of either the product or drawdown gas 
is measured and recorded, using an infrared-type 
analyzer. The oxygen concentration of either gas is 
determined continuously with a paramagnetic-type 


oxygen analyzer and recorder. The flow of tar-water 


liquor is metered with a magnetic flowmeter. 

To protect against overheating in the event of 
failure in steam flow, an interlock system is pro- 
vided which automatically stops the flow of oxygen 
at a predetermined low flow of steam. Another in- 
terlock automatically closes the oxygen-steam 
mixture valve in case of excessive pressure in the 
generator. In addition to the automatic interlocks, 
a master switch on the control panel can be used 
to simultaneously close the oxygen interlock valve 
and the oxygen-steam mixture valve and open an 
inert gas valve to the bottom of the generator. All 
controls are designed to fail safe in the event of loss 
in control air pressure or electrical power. All 
pressure vessels in the pilot plant are protected 
against excessive pressures with either metal or 
graphite rupture disks. 

An alarm annunciator system at the central con- 
trol panel gives audible and visual warning of ab- 
normal conditions at various locations. This warn- 
ing allows the operator to take corrective action 
before unsafe conditions develop. 


OPERATION 


Experimentation to date was carried out in two 
phases. During the first phase, the slagging section, 
which had been disconnected from the gasifier, was 
installed outside the pilot plant (Fig. 4) and operated 
at atmospheric pressure to develop information on 
experimental procedures, fuel and refractory 
characteristics, methods of admitting the oxygen- 
steam mixture and to train operating personnel. 
During the second phase, the integrated pilot plant 
was operated at 80 psig. The general objective of 


these tests was to establish the operability of the 
complete gasification pilot plant and to develop a 


satisfactory slagging technique at this intermediate 
pressure. 

The use of tar-free fuels was considered advisable 
for this stage of development of the gasifier since 
the problems usually associated with tar-producing 
fuels would be eliminated. Because lignite char was 
not available in large quantities, a low-temperature 
bituminous coal char (Disco) produced by Consoli- 
dation Coal Co. Inc., was used for most of the tests 
to date. North Dakota lignite, dried to approximately 
15 pet moisture, was gasified in some exploratory 
runs, and it is expected that lignite will be used as 
the principal fuel during the next phase of operation. 
Operation at Atmospheric Pressure: The results 
from approximately 100-hr operation at atmos- 
pheric pressure indicated that the basic design of 
the slagging section was satisfactory, and that after 
minor modifications, dependable slag flow could be 
obtained. The optimum size of taphole was found to 
be 1 inch in diameter, which was large enough to 
handle the slag flow but small enough to prevent fuel 
bed loss. 

The refractory walls of the slagging section were 
severely damaged by slag erosion during the early 
tests in which self-cooled tuyeres were extended 
flush with the inside diameter of the gasifier. Instal- 
lation of water-cooled tuyeres projecting 1 1/2 in. 
into the fuel bed proved effective in eliminating this 
problem. Various refractories were tested in use 
as hearth material for the gasifier. Slag attack to 
the taphole was serious for all refractories tested, 
but nitride-bonded silicon carbide gave the best 
performance. 

Constant observation of the slag flow was required 
for proper adjustment of the rate of gas flow through 
the taphole and for operation of the slag breaker to 
remove Stalactites which occasionally formed. 
Operation at Elevated Pressure: Experience gained 
from experimenting with the slagging section at 
atmospheric pressure was applied to operation of the 
integrated pilot plant at elevated pressure. Ex- 
perimentation discussed in this section of the report 
was confined to the gasification of a tar-free fuel at 
80 psig. Difficulties arising from the formation of 
tar deposits in pipe lines and equipment and proces- 
sing of tar-water mixtures were considerably re- 
duced by gasifying a pre-carbonized fuel in these 
preliminary tests. 

After some short exploratory runs, a standardized 
procedure was developed for starting the gasifier, 
as follows: 

1) Excelsior, wood chips, and 50 lb petroleum 
coke are placed on the hearth and ignited by an 
oxygen-acetylene torch inserted through one of the 
tuyeres. Air is admitted at low-flow rate through 
the tuyeres to aid ignition. 

2) When the charge is burning, the rate of air ad- 
mission is increased to 4000 cu ft per hr and the 
pressure adjusted to approximately 15 psig. 

3) Additional petroleum coke is added after 30 
min of this preheating. 

4) Approximately 1 1/2 hr before the estimated 
time of oxygen-steam admission, a weighed charge 
of fuel and flux is added. 
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Table |. Analysis of Bituminous Coal Char Used Table Ill. Material Balance for Gasification of 


for Pressure Operation Bituminous Coal Char 
Proximate analysis, pct Lb per Hr Pet 
Moisture 5.7 
Volatile Matter 18.0 Material in: 
Fixed carbon 65.5 Char 295 41.9 
Ash 10.8 Blast-furnace slag 88 12.5 
Oxygen 169 24.1 
Ultimate analysis, pct Gorn 96 13.6 
Hydrogen 3.9 Purge water 20 2.8 
Carbon 69.9 Purge gas 36 a 
Nitrogen 
Oxygen 12.0 Total 704 100.0 
Sulfur 1.9 
Ash 10.8 Material out: 
: Gas through offtake 475 67.5 
Heating value, Btu per lb 11,800 Gas through taphole 54 Tall 
Water condensate 74 a 
5) Approximately 3 1/2 hr after ignition, admis- 
sion of air is stopped, and a mixture of 2000 cu ft hr eee ——— 
of oxygen and enough steam to produce a 0.7 molar Total 704 100.0 
ratio of oxygen to steam is admitted through the 
tuyeres, and operating pressure increased to 80 exchange in the fixed bed, the potential heat in the 
psig. gas as a percentage of potential heat in the fuel is 
6) When slag is discharging through the taphole, as high as 85.9 pct. 
the predetermined oxygen-steam ratio is set and As shown in Table III, the two major items by 
operation continued. weight of the materials going into the process are 
The following test results were obtained from char and oxygen; whereas, gas and slag account for 
gasification of the bituminous coal char sized to 83.2 pct wt of the products leaving the gasifier. 
3/4x1/4 in. The results are the average of three Heat distribution for the ingoing and outgoing 
runs of 10, 8, and 9.5-hr operation under slagging materials is presented in Table IV. Potential heat 
condition® and made under identical experimental in the char feed accounts for 96.2 pct of the heat 
conditions. input; 86.3 pct of the heat output is potential and 
A typical analysis of the char is presented in sensible heat of the gas. The sensible heat of the 
Table I. slag, assumed to leave the taphole at 2600°F, 
Processing conditions and performance data for accounts for 3.5 pct of the total heat input. 
the three runs are reported in Table II. As shown in Table V, both the gas leaving through 
By drawing 3.9 pct of the total gas production the offtake and that drawn through the taphole are 
through the taphole, slag fiow could be maintained. very rich in carbon monoxide, and relatively low in 
Oxygen consumption per unit volume of gas is lower hydrogen and carbon dioxide. More than 90 pct of 
than that obtained by use of entrained gasification the gas consists of CO+ He 
where oxygen requirements per M cu ft of H2+CO Information on composition of bituminous-coal- 
are approximately 330 cu ft. Steam decomposition char ash and blast-furnace slag is given in Table VI. 
is almost twice as high as that obtained during dry The ash from bituminous coal char, being low in 
ash removal operation. Because of efficient heat calcium oxide, magnesium oxide, and alkali oxides, 
Table Il. Process Conditions and Performance Data for 
Table IV. Heat Balances for Gasification of 
Bituminous Coal Char 
Operating pressure, psig 80 
Oxygen rate, cu ft per hr* 2000 Btu per Hr* Pct 
Steam rate, lb per hr 96 
Oxygen-steam ratio, mol/mol 1.0 : 
Heat in: 
(potential 3,476,240 26.2 
Flux ratio, lb blast-furnace slag/lb fuel ash 3 Lica ae 120,350 3.3 
Product gas through gas offtake, cu ft per hr 8594 ef eee ae) 17,330 0.5 
Drawdown gas through taphole, cu ft per hr 346 ae ae 
Total gas, cu ft per hr 8940 Total 3,613,920 100.0 
Slag recovered, lb per hr lat : 
Oxygen consumption: Heat out: "| 
per M cu ft product gas, cu ft 224 Gas through offtake (potential) 2,912,050 80.6 
per M cu ft (CO+H,) cu ft 252 Aiealts (sensible) 42,980 152 
per Ib char, cu ft 6.8 as through taphole (potential) 113,840 oa 
Steam consumption: (sensible) 50,400 1.4 
per M cu ft product gas, Ib 10.7 he 126,020 SEO 
per M cu ft (CO+H,) 1b 12.1 ater vapor (total) ; 81,670 2:3 
per lb char, Ib 0.33 Losses due to radiation, convection, 
Steam decomposition, pct 87.8 and unaccounted for 286,960 Hie, 
Potential heat in gas as a percentage of potential heat in cha 85.9 fa ele oan 
Total 3,613,920 100.0 


*All gas volumes reported at 60°F, 30-in. Hg, dry. *Basis: 60°F 
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Table V. Gas Composition when Gasifying Bituminous Coal Char* 


Type of Gas Gas Offtake 


Taphole 


Composition, pct 


4.5 2:1 

Illuminants 0.2 0.1 
O, 0.3 2.0 
labs 29.4 2725 
(oe) 60.9 68.0 
CH. 0.4 0.3 
CH; 4.3 0.2 
Heating value, Btu per cu ft 339 321 


*Recalculated to inert-gas-free basis. 


Table VI. Ash and Slag Characteristics 


Bituminous Blast-Furnace 


Source of Ash or Slag Coal Char Slag 
Composition, wt pct 
Moisture loss at 105°C = 0.1 
Ignition loss at 800°C -_ 0.4 
SiO, 48.0 36.9 
ALO, 23.0 13.5 
Fe,0, 18.5 0.5 
FeO O:7 
TiO, 1.0 0.4 
CaO 3.3 37.8 
MgO 1.0 8.7 
Na,O 0.3 0.3 
K,0 1.9 0.3 
Total sulfur (S) _ 0.9 
SO, 2.7 
Total 99.7 100.0 
Base-to-acid ratio* 0.35 0.95 
Initial deformation, °F 2,140 2,470 
Softening temperature, °F 2,220 2,510 
Fluid temperature, °F 2,490 2,560 


*Base-to-acid ratio =(Fe,0, +Ca0+MgO+Na,0+K,0)/(SiO, + Al,O, 
+ TiO,). 


and high in silica and alumina, is strongly acidic, 
while blast-furnace slag, because of the higher con- 
centrations of calcium and magnesium oxides, is 
almost neutral. Using the base-to-acid ratio for 
estimating slag viscosities” at corresponding tem- 
peratures, the ash from bituminous coal char with 
a base-to-acid ratio of 0.35 has a higher viscosity 
than blast-furnace slag with a ratio of 0.95. As the 
slag obtained from the experiments reported herein 
consists of 73.7 pct blast-furnace slag, the viscosity 
characteristics of the bituminous-coal-char ash are 
improved by fluxing with blast-furnace slag. 
Because of the rapid quenching in the water bath, 
the slag is shattered into small particles. Usually 
more than 90 pct of the slag is of -1/8-in. size. 
Almost all of the ferric iron initially present in the 
ash-flux mixture is reduced to metallic iron and 
magnetic oxides, which can be magnetically sepa- 
rated from the slag. The obtained slag is sometimes 
black and glassy, sometimes gray and friable. Re- 
sults of some analyses indicated that chemical com- 
position was not responsible for the color of the 
slag. Temperature and viscosity of the slag when it 
reaches the water may determine the color of the 
quenched material. 
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Fig. 4—Outdoor installation of slagging section. 


SUMMARY 


Gasification may play an important part in the 
development of the large lignite deposits in North 
Dakota. Synthesis gas produced from lignite can be 
used for manufacturing ammonia, methanol, and 
other chemicals. Pipeline gas and liquid fuels can 
also be synthesized by this method. Metallurgical 
uses offer another potential application for low-cost 
hydrogen-carbon-monoxide mixtures. Of the various 
gasification processes available, fixed-bed pressure 
gasification using lump fuel as the feed offers ad- 
vantages in heat economy and low consumption of 
oxygen. Because this type of gasification was par- 
ticularly developed for gasification of noncoking, 
low-rank coals like lignite and brown coal, it was 
decided to determine the gasification characteris- 
tics of North Dakota lignite in a fixed-bed pressure 
gasification pilot plant; however, to improve the 
technique of lump-fuel gasification, the conventional 
method of removing the ash from the gasifer ina 
dry state was replaced by a method that would em- 
ploy liquid-slag discharge. A pilot gasifer with a 
cross-sectional area of 1 1/2 sq ft and with four 
individual sections was designed and constructed. 
Three of the sections were designed for a maxi- 
mum operating pressure of 600 psi, whereas the 
slagging section in which the ash is melted by an 
oxygen-steam mixture that is admitted through four 
tuyeres is designed for operation to 90 psi to facili- 
tate modifications during the development of a 
satisfactory slagging technique. From the flat 
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hearth of the slagging section that supports the fuel 
bed, the slag flows continuously through a taphole 
into a water-filled trough where it is quenched and 
granulated and descends into the slag lock from 
which a slag-water mixture is periodically dis- 
charged. 

Exploratory gasification experiments under slag- 
ging conditions were made in the slagging section 
while disconnected from the rest of the gasifier. The 
slagging section was operated at atmospheric pres- 
sure to develop information on experimental pro- 
cedures and refractory characteristics and to train 
operating personnel. The integrated pilot plant was 
later operated satisfactorily under slagging condi- 


tions at 80 psig by gasifying a low-temperature char 
to which blast-furnace slag had been added to im- 
prove the flow of the slag. A total of 295 lb char an 
hour was gasified with equal volumes of oxygen and 
steam and 9000 standard cu ft of gas that consisted 
chiefly of carbon dioxide, hydrogen, and carbon 
monoxide were produced. Steam decomposition was 
approximately twice as efficient as that obtained in 
commercial plants operated under dry-ash removal 
conditions. Oxygen consumption per unit volume of 
gas was lower than that for entrained gasification 
processes. Close to 86 pct of the potential heat in 
the char was recovered in the gas. 
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DISCUSSION 


UNDERGROUND USE OF AMMONIUM NITRATE-FUEL OIL EXPLOSIVES 


by John L. Ryon, Jr. 


AIME Transactions (Mining), 1961, vol. 220; p. 322; MINING ENGINEERING, 
1961, vol. 13, No. 4, p. 377. 


R. L. Bullock (St. Joseph Lead Co., Bonne Terre, 
Mo.)—The progressive approach of The International 
Salt Co. as described by Mr. Ryon is certainly com- 
mendable as is his paper. St. Joseph Lead Co. has 
been shooting AN/FO in 1 3/8 to 1 1/4-in. holes for 
several months now (as of October 1960) on a trial 
basis. The results thus far obtained are excellent, 
but conclusive evidence at this date is premature. 
One point that he gave should interest even the 
most ardent skeptic. That is, they are getting a 
detonation of the 1 1/4-in. AN/FO charges in 2 1/4- 
in. holes. In light of its low sensitivity and critical 
diameter, this would appear to be one of the worse 
conditions that one could expect in which to get 


proper detonation of AN/FO. It has been shown* 


XS. G. Gibbs and P. B. Dempster: An Investigation of the Incen- 
divity of Coal-Mining Explosives in the Canon Test, Colliery Engi- 
neering, London, 1960. 


that partial confinement sometimes decreases 
sensitivity of a column of explosive because the air 
space above the explosive becomes highly com- 
pressed and in turn compresses the explosive prior 
to passage of the detonation front. Apparently, this 
does not happen in their shooting and the poor ex- 
plosive coupling caused by the 2 1/4-in. holes yields 
a minimum of overbreak and is an ideal condition 
for their back. 


THEORY AND PRACTICE OF ROCK BOLTING 


by Thomas A. Lang 


AIME Transactions (Mining), 1961, vol. 220, p. 333 


Richard J. Smith (Colorado School of Mines, Golden, 
Colorado; Exchange Graduate Student from Univer- 
sity of Durham, England)—I must congratulate the 
author on his paper on the theory and practice of 
rock bolting. 

The effect of bolting in a random jointed rock dis- 
cussed in the paper can be used to extend our under- 
standing of the effect of rock bolting in bedded 
strata, in which the rock is jointed, fractured, or 
cleated. 

As regards the anchorage movements and re- 
sultant loss of tension on initially tensioning rock 
bolts, I have investigated this phenomena in typical 
British coal measure sandstones and shales for the 
wedge and sleeve and expansion shell bolt anchors. 
This initial loss of tension can be attributed pre- 
dominately to creep of the bolt anchor. Creep of the 
anchor or creep may be defined as the movement of 
the anchor due to the tension in the bolt. Creep 
magnitude depends upon the anchor type, the strata 
type, the nature of the drillhole, and the tension in 
the bolt, but has been found to be independent of 
time. Bolt anchor creep is of a similar form to 
that displaced by metals, the rate decreasing with 
time, until anchorage stability is achieved, and no 
further creep occurs. 

It has been shown that initial loss of tension is 
due predominately to this phenomena, but after 
anchorage stability has been achieved, tensional 
changes are caused predominately by strata dis- 


placements. 


In the design of bolting patterns, bolt inclination 
will depend primarily upon the direction of these 
strata movements. For example, central roof bolts 
installed in the gate roads of longwall advancing 
faces should be inclined at 5° to 7° from the face, 
in order that the movements occuring in this direc- 
tion increase the bolt tension. In this context it is 
interesting to note two European methods of deter- 
mining bolt spacing in essentially bedded rocks: 

1) The number of bolts per square meter is equal 
to (10 tons)/(nominal load in tons), where the 
nominal load is the task load after a load-distance 
of 10 mm, as measured by anchorage tests. 2) The 
length of the cantilever in a caved area gives an 
indication of the self-supporting properties of the 
strata. This cantilever diminished by a suitable 
safety factor can form the basis for the spacing of 
the bolts. 

In his paper the author makes no mention of the 
wedge and sleeve type of bolt, which has found wide- 
spread application in most British coal and metal 
mine strata. Has this bolt type been used or tested 
in any of the work in which the author has been 
engaged, and with what results? 

Rock bolt tensional behavior is of the utmost im- 
portance in the efficient utilization of bolting rein- 
forcements. Has the author carried out any such 
investigations ? What measuring instruments were 
used in this work? Could he furnish me with some 
data on these measurements ? 
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TRANSPORTATION ECONOMICS OF 


MINERAL COMMODITIES 


Ina single year the total transportation cost equals nearly 30 pct of the 
value of mineral commodities, the largest single cost from the deposit 
to consumer. The magnitude of this economic factor calls for more 
complete understanding of cost and operational problems between pro- 
ducer and carrier than now exists. Details are given of the costs of 
providing transportation as well as freight rates for selling transpor- 


tation. 


I: 1958, transportation of mineral commodities in 
the United States required 600 billion ton- miles to 
move 1 3/4 billion tons of products of mines com- 
prising solid fuels, crude oil, industrial minerals 
and rocks, and ores. Possibly 17 pct was handled 
by more than one mode of transport, since combina- 
tions of several modes of transport may, at times, 
achieve better service/cost results than any single 
mode. Total transportation cost of nearly $5 billion 
equaled roughly 30 pct of the value of the mineral 
commodities, the largest single cost from the 
mineral deposit to the consumer. 

The tremendous magnitude of this transportation 
undertaking demands much more complete under- 
standing than now exists between mineral pro- 
ducers and carriers about the economic and opera- 
tional problems of each other. A substantial portion 
of the daily work of the writer is spent in trying to 
act as a combination interpreter and catalyst be- 
tween potential shippers and carriers, hoping to 
direct both to points of mutual understanding and 
advantage. For the purpose of this paper, it is 
necessary to ask mining people to accept some 
terminology and to try to appreciate the mental 
approach of the freight rate making people of the 
carriers. 

This paper will consider costs of providing trans- 
portation as well as freight rates for selling trans- 
portation—although these are fields of limited cer- 
tainty. There are no accurate statistical break- 
downs for all modes of transport and types of car- 
riers indicating commodities, volume of traffic, 
distances, costs, and rates. Much information is 
available for railroads, and some for the regulated 
portions of air, motor, pipeline, and water trans- 
portation. Unregulated carriers, handling about 
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by William A. Riggs 


half of the transportation of products of mines, are 
not required to report, and very little is known of 
their activities. Figures used herein are national in 
scope, unless otherwise indicated, and have gener- 
ally been derived from Interstate Commerce Com- 
mission reports and files. Tonnage figures have 
been reduced to net tons of 2000 lb. 

The very generalized comparison of average 
mileage freight rate levels for various modes of 
transport provided by Fig. 1 affords advantageous 
perspective for the entire field of transportation 
costs. Dashed guide lines show cents per ton- mile, 
and dotted guide lines show percentage of first class 
railroad freight rate. While costs of other than rail- 
road transportation more nearly follow constant 
cents per ton-mile functions, costs of railroad 
transportation show characteristic taper, or de- 
crease in cents per-ton mile with increasing length 
of haul. 

This fundamental difference in cost is due largely 
to the fact that railroads and pipelines provide their 
own fully taxed roadway facilities while highway, 
waterway, and air carriers use government-pro- 
vided tax-free roadway at no cost other than fuel, 
license, and certain excise taxes. Thus railroad 
and pipeline transportation might be said to carry 
heavy threshold costs in addition to those transporta- 
tion costs which are directly variable with ton miles 
of transportation produced. 

The original basis of railroad freight rate struc- 
tures lies in the classification of all articles of 
commerce into railroad class ratings ranging from 
7 to 40 pct of first class (100 pct) rate level, de- 
pendent on value, hazard, loading characteristics, 
service requirements, and whether carload or less 
than carload. Classification tables and mileage- 
based (but arbitrarily grouped), rate scales are 
published as tariffs subject to approval by regu- 
latory bodies. Used together, these determine class 
rates in cents per 100 lb between points in the U.S. 
Where local commercial or operating conditions 
render it advantageous for carriers to depart from 
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class ratings, then exception ratings may be pub- 
lished for use in described areas on described com- 
modities. 

Today, only about 15 pct of rail freight moves on 
class or exception rates, while the remainder 
moves on lower level commodity rates published 
for point to point movement of specific commodities. 
Such rates may be proposed after a shipper, having 
prospect of substantial point to point movement of 
some carload commodity, outlines to the railroad 
his competitive position and transport requirements. 
A mutually agreeable rate proposal may then be 
posted, reviewed—along with objections—by the rate- 
making group, and then published, denied, or inde- 
pendently published over objections, which may be 


taken to the regulatory bodies with request for sus- 
pension. Thousands of commodity rates are pro- 
posed every year, but few are argued before the 
regulatory bodies. It is convenient to compare all 
types of rates on the basis of percentage of first 
class (100 pct) rate for distance involved. The 100 
pct level, historically applied to less than carload 
shipments of high class consumer goods, now rep- 
resents merely a convenient reference line. 

Even with a single commodity, there are many 
variations in railroad freight rate levels due to local 
peculiarities, competitive conditions, and other 
factors. An understanding of the possible magnitude 
of such variations may be noted in Fig. 2 which 
shows transportation costs on bituminous coal. It 
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Table |. Freight Commodity Statistics for 1958, Covering Those Carriers Required to Report in Detail to Interstate Commerce 
Commission, Products of Mines and Certain Other Commodities 


Thousands of Net Tons Carried, 1958 


Average Revenue Per Net Ton Carried, 1958 


Classes A and B: 


Classes A and B: 


Class 1: Water Carriers— Class 1: Water Carriers— 
Interstate Commerce Commission Class 1: Motor Mississippi River Railroads,* Carriers, 7 
Class and Commodity Description Railroads* Carriers and Tributeries $ and Tributeries, rigin, 
301 Anthracite coal 10 - 4.45 
racite coal to washers 10,5 - - : — 

coal 562,966 3 21,530 3.58 7.45 1.02 
307 Coke 22,013 50 433 4.04 1.50 137 ayn 
309 Iron ore 127,330 251 1383 2.39 1.02 1.58 Ape 
311 Aluminum ore and concentrates 8,715 8 82 7.69 16.95 4.62 ahs nee 
313 Copper ore and concentrates 5,720 12 0.74 5.08 - 
315 Lead ore and concentrates 1,416 3.81 3.48 
317 Zinc ore and concentrates 2,985 31 10 7.01 5.08 5.58 ° ‘ 
319 Ore and concentrates, NOS} 12,527 83 221 5.16 9.54 3.05 3 to 2500.00 
321 Barytes 2,011 64 7 6.59 3.78 1.96 10 to a 
323 Clay and bentonite 21,391 101 - 7.79 12.70 ~- 1 to ; 
325 Sand, industrial 16,096 126 1 2.14 0.27 
327 Gravel and sand, NOSt 70,990 40 413 1.35 - 0.71 1.06 
329 Stone and rock, crushed, 

broken, and ground 74,741 68 937 72 = 0.50 1.39 
331 Fluxing stone and dolomite 19,593 1 1 1.89 _ 0.64 1.42 
333 Stone, rough, NOSt 2,598 18 1 2.58 - 0.55 2to 10.00 
335 Stone, finished, NOSt 254 42 _ 17.45 14.49 - 25 to 160.00 
337 Petroleum, crude 2,153 3,754 733 4.98 DDS 1.28 19.25 
339 Asphalt 6,920 2,350 51 9.53 4.31 1.% 15 to 35.00 
341 Salt 10,867 172 126 6.96 6.48 S25 10.36 
343 Phosphate rock 28,286 33 394 2.34 8.12 3.79 6.28 
345 Sulfur 5,605 148 1,247 3.76 3.33 2.93 20.55 
399 Products of mines, NOS{ 26 ,608 307 110 4.74 5.72 5.38 3 to 1850.00 
920 Total products of mines 1,066 ,733 7,666 27,029 3.16 5.51 
501 Gasoline 11,908 29,558 1,233 4.06 2.68 1.43 40.00 
595 Machinery and machines 5,898 1,613 11 36.41 23.21 3.46 ~ 
633 Cement, natural, and portland 55,210 1,147 101 4.03 3.67 1.83 17.10 
763 Food products, NOS+ 31,655 3,749 11 17.81 L337 7.63 - 
940 Total manufactures and 

miscellaneous 686,103 133,464 12,596 11.85 10.05 3.97 = 


*Railroad revenues calculated from originated or terminated tonnages, as appropriate, to allow for duplications in multiple line traffic. 


tNOS — Not Otherwise Specified. 


may be observed that $4.60 may purchase a range 
of from 160 to 820 miles of transportation for a ton 
of coal; or that 315 miles of transportation for a 
ton of coal may cost a range of from $2.50 to $5.10. 
Another way of measuring would indicate that, for 
a 500-mile haul, railroad freight on coal might 
range from 7/10¢ to 1 1/4¢ per ton-mile. Such 
variations are due to varying regional costs, com- 
petitive situations, density of traffic, etc., all of 
which are taken into account in setting up individual 
freight rates within the overall framework of the 
national and regional rate structures. 
Table I shows tons carried, average revenue per 
ton, and average value per ton for all classes of 
products of mines and several comparative com- 
modities handled by regulated carriers. Comparison 
with other commodities is necessary in order to 
place products of mines in their proper perspective 
as regards the overall freight rate structure. Single 
shipments are often reported by several railroads, 
showing over one billion tons for total products of 
mines carried, substantially greater than the 629 
million tons originated or the 562 million tons ter- 
minated. Table II shows average length of haul, 
average carload weight, average percentages of out- 
of-pocket and fully distributed costs paid by reve- 
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nues, type of rate, and range and average percentage 
of first class rate level represented for railroad 
transported products of mines and several compara- 
tive commodities. 

The percentage of cost paid figures afford some 
insight into the railroad freight rate structure based 
on what the traffic will bear, or ability to pay, where 
high valued commodities pay freight charges ex- 
ceeding their cost of transportation and thereby in 
effect subsidize the transportation of low valued 
commodities which pay less than their cost of trans- 
portation. Plainly stated, most mineral commodities 
fall in this subsidized group. Many people question 
the Interstate Commerce Commission cost formulae 
which attempt to break down costs to individual 
commodities and hauls by railroad and motor car- 
rier. Whether or not these formulae are fully ac- 
ceptable, they remain the best that can be done 
with the information currently available. 

Those unversed in the rate aspects of traffic 
management readily may detect many apparent and 
fewer actual inconsistencies in railroad freight 
rates. These inconsistencies are due largely to 
trying, over a period of years, to adapt an artificial 
and possibly outmoded basic rate structure to the 
many changing conditions of technological progress 


Table Il. Characteristics of Railroad Carload Freight, 1958-U. S. Averages with Special Reference to Costs 
and Revenues for Products of Mines and Certain Other Commodities 


Type of Rate, Range, and Average Pct 


Average Av 
Interstate Commerce Commission Haul, Carlood, of First Class 
Class and Commodity Description Miles Net Tons Pct Cost Paid, Pct Class Exception Commodity 
301 Anthracite coal 199 56 
303 Anthracite coal to washers 15 62 2 : 
305 Bituminous coal 295 61 114 81 - 2 2 fo 12 7) 
= asi 304 43 103 77 21 8 to 14 4 to 13 ( 9) 
ron ore 161 69 120 73 22 _ Istonlsie 5) 

311 Aluminum ore and concentrates 1,139 63 99 62 — 12 to 20 Dito 1348) 
313 Copper ore and concentrates 152 61 152 87 = - 2stonl7aGo) 
315 Lead ore and concentrates 199 64 135 88 
317 Zinc ore and concentrates 542 59 151 99 - - Ito 155(1.0) 
319 Ore and concentrates, NOS* 380 65 140 97 17 to 28 24 3 to 22 ( 9) 
321 Barytes 435 54 186 121 20 = PAK | (GD) 
323 Clay and bentonite 547 49 150 106 16 to 19 12 to 21 2 to 23 (12) 
325 Sand, industrial 247 63 131 92 = 9 to 13 3 to 18 ( 8) 
327 Gravel and sand, NOS* 84 61 78 54 - - 1 to 20 ( 4) 
329 Stone and rock, crushed, broken, 

and ground 134 60 90 62 11 to 18 3 to 13 Litonl7 G5) 
331 Fluxing stone and dolomite 130 66 92 66 - - 2 to 10( 5) 
333 Stone, rough, NOS* 131 51 104 74 3 to 22 13 2 to 23 ( 8) 
335 Stone, finished, NOS* 806 33 192 157 23 to 55 25 18 to 31 (26) 
337 Petroleum, crude 425 37 83 63 _ — 5 to 13 ( 9) 
339 Asphalt 480 37 143 108 15 to 23 10 to 25 4 to 27 (15) 
341 Salt 410 38 143 108 = 14 to 19 4 to 27 (13) 
343 Phosphate rock 233 65 113 76 = 10 2 to 17 ( 6) 
345 Sulfur 251 65 139 91 4 18 3 to 21 ( 8) 
399 Products of mines, NOS* 322 60 148 101 13 to 33 9 to 28 1 to 28 (10) 
920 Total products of mines 242 61 114 79 3 to 55 3 to 28 Ito iG7)) 
501 Gasoline 158 30 105 84 5 to 35 — 5yto-o7 (dill) 
595 Machinery and machines 839 22 261 214 15 to 60 28 to 53 9 to 61 (42) 
633 Cement, natural and portland 147 56 124 
763 Food products, NOS* 995 27 132 105 13 to 50 12 to 35 10 to 40 (20) 
940 Total manufactures and 

miscellaneous 481 32 163 128 5 to 122 8 to 81 3 to 124 (20) 


*NOS — Not Otherwise Specified. 


and business competition. Hundreds of rate ad- 
justments are made daily by the railroads and other 
common carriers. 

In a general way it would seem that gradual con- 
version to a rate structure based on cost of service 
might afford the best answer to the overall freight 
rate problem. However, such a rate structure 
would bring undue hardship to many mineral in- 
dustries, and possibly almost complete collapse to 
present-day patterns of transportation of mineral 
commodities, since it would almost invariably result 
in substantial increases in freight rates on low 
valued commodities. 

Figures considered thus far have been provided by 
legally required tariffs and reports of regulated 
carriers. On the other hand, many carriers who 
need file neither tariffs nor reports operate free 
from regulation. Typical nonregulated, for hire 
carriers are motor carriers handling exempt prod- 
ucts of agriculture, or water carriers handling ex- 
empt bulk commodities. Most waterway traffic 
of products of mines is handled by exempt or 
not-for-hire carriers. Not-for-hire covers 
owned or leased transport incidental to the primary 
(nontransportation) business of the shipper. Such 
private carriage finds mushrooming use in the 
minerals and other industries until it appears that 
everybody is trying to operate his own private 
transport system, on government provided right-of- 
way, using equipment leased or bought on easy 


terms. Only about 3 pct of the regulated transport 
of products of mines is provided by highway and in- 
land water carriers together. However, regulated 
and unregulated highway and inland water carriers 
together account for 51 pct of total transport of 
products of mines. 

Water carriers, operating on cost-free right-of- 
way, can unquestionably provide the cheapest mode 
of transport, and, where possible, mineral producers 
should take advantage of such transport. However, it 
must be remembered that points accessible to water 
transport are very limited, that water transport is 
slow and subject to seasonal interruption, and that 
minimum cargoes of 600 tons or more from one 
origin to one destination are required. 

Motor carriers can provide complete and flexible 
transportation between nearly all possible origins 
and destinations. Having no fixed rights-of-way, 
routes may be changed almost at will, except when 
prevented by regulatory laws. Generally, motor car- 
rier costs are higher than railroad costs, particularly 
on longer hauls and on the lower rated commodities. 
Availability of return loads is critical in motor car- 
rier operation, since empty return hauls essentially 
double the cost of service. 

Railroads serve virtually all important points in 
the U.S. and neighboring countries with economical 
transportation service and may certainly be re- 
garded as the backbone of transportation of mineral 
commodities. Generally loads and empties are 
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fairly well balanced and empty returns do not sig- 
nificantly affect costs. 

About 5000 different commodities move by rail in 
carload quantities, and many more in less than car- 
load quantities between about 35,000 stations in the 
U.S. Even with grouping of stations and classifica- 
tion of freight, there are still about 50 million pub- 
lished freight rates which form a very complicated 
structure sometimes likened to income tax laws in 
complexity and potential for frustration. However, 
there are potentials for economies. Traffic manage- 
ment is no job for a part-time amateur, and any 
large shipper should take advantage of opportunities 
for savings in the hands of a capable full time traffic 
manager. A company too small to have its own 
traffic manager might have a capable traffic con- 
sultant, even if it be only one who provides way bill 
auditing service in return for a percentage of over- 
charges collected. Advantage should be taken of the 
sincere and competent counsel available from 
transportation company traffic representatives who 
can serve best if afforded opportunity for frank and 
factual discussion of shipper’s problems. No new 
mine should be opened without careful study of 
transportation problems, including advance negotia- 
tion of freight rates and service matters. 

Typical transportation musts which competent 
traffic management can provide with resultant econ- 
omies are: 1) properly describe commodity to 
receive lowest applicable classification; 2) search 
tariffs and supplements for lowest applicable rate; 
3) observe minimum applicable carload weight—do 
not underload and also do not overload; 4) take ad- 
vantage of lower rates possibly applicable on larger 
cars, heavier carload weights, and multiple car 
shipments; 5) carriers will invariably direct un- 
routed shipments via lowest cost route, but if 
shipper wishes to specify route, be sure that it is 
an applicable or open route; 6) observe reciprocal 
switching limits; 7) continuously study competitive 
situations in markets and transportation, and re- 
quest rate adjustments where necessary; 8) load 
and unload promptly to avoid demurrage charges on 
cars; and 9) purchase no higher type of transport 
service than will economically and satisfactorily do 
the necessary job. 

Large shippers of low rated commodities appear 
to be more concerned with maintaining traditional 
differentials between markets and commodities than 
with the specific dollars and cents of individual 
freight rates. Whenever a new mine, industrial 
plant, market, or technological development up- 
sets some significant traditional differential, there 
is a rush of rate adjustment requests designed to 
restore that differential. 

Commissioner Eastman of the Interstate Com- 
merce Commission once defined the railroad freight 
rate structure of the U.S. as the product of the 
efforts of freight traffic managers seeking maxi- 
mum revenues for their railroads, modified to 
some extent by public regulation. To bring this 
definition up to date, the writer would add that the 
structure is as well the product of the efforts of 
industrial traffic managers seeking minimum trans- 
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portation costs for their companies, modified to 
some extent by the efforts of chambers of commerce, 
trade associations, and other interested parties. 

Until recent years, individual railroad freight 
rates appear to have been made, in rough order of 
importance, by processes involving precedent, 
analogy, proportion, market competition, transport 
competition, and cost of transport. During the past 
few years, there has been a growing tendency to 
reverse almost completely the old order of im- 
portance, as far as possible within the regulatory 
restraints. 

Several radical departures in transport offer 
promise in special cases. Some of these: transport 
of brine by pipeline, truck, and barge; transport of 
pulverized coal-water slurry by pipeline; and trans- 
port of clay-water slurry by rail and truck, are so 
tied in with production and marketing that it is 
difficult to segregate actual transportation costs. 
For example, if rock salt is valued at $4 per ton at 
the mine and contained salt in brine is valued at 
$1 or less per ton at the well and the user needs 
brine at his plant, what is the transportation cost 
comparision with about two tons of water carried 
for every ton of salt in brine? 

Belt conveyors are an example of highly efficient, 
usually single commodity carriers of limited appli- 
cation and possibly competitive with wheeled trans- 
portation for distances up to 150 miles with long 
installations being highly critical of load factor. 
Fully distributed costs of about 100 miles are 
estimated at about 1 1/2¢ per ton- mile under con- 
ditions of the very highest efficiency and load factor. 

Air transport offers possibilities for very high 
grade commodities, situated at very isolated loca- 
tions, with circuitous or no heavy duty surface 
access, where return loads of supplies, etc., are 
available. With volume to provide 300 hr flying per 
month, a ton-mile cost of about 13 1/2¢ is possible 
with a C-46 aircraft and about 11 1/2¢ with a DC-4, 
assuming 100 pct loaded paying return. Airstrip 
construction and maintenance, loading and unloading, 
supplemental transport, and sacking are not included. 
Commercial air freight, where available, between 
major airway terminals only, carries rates of about 
19¢ per ton-mile on long haul shipments of 10,000 lb 
minimum, with possible reduction to 6¢ or 8¢ pre- 
dicted for large volume coast-to-coast traffic when 
new turboprop cargo aircraft begin operation. In 
strong contrast, burro packing, still used in some 
remote areas, would probably cost $2 1/2 per ton- 
mile on a steady job. 

Table III shows the often overlooked costs of 
loading and unloading, including transfer from one 
type of carrier to another. Some of these costs may 
be absorbed by certain carriers, but absorption 
should not be assumed unless definitely stated in 
black and white. Even so, the shipper or receiver 
still pays in the long run, since the freight bill is 
the carriers’ only source of revenue. 

Simple dumping of coal or ore from railroad cars 
to barges or vessels may range in cost from 5¢ to 
20¢ per ton. Unloading coal or ore from barges or 
vessels generally appears to range from 20¢ to 


Table Ill. Typical Examples of Transportation of Mineral Commodities by More Than One Form of Transportation, 
Showing Intermediate Handling Costs 


oal lron Ore Limestone Phosphate Rock Salt S 
Lake Vessel, Lake Vessel, Private Barge, Common Carrier Contract Barge, Coast Vessel, 
1959 1959 1949 Barge, 1956 959 1 
rail at $2.67 $1.14 See truck $1.43 No price differ-| | Price differen- 
coats ential FOB tial FOB ves- 
arfage = 0.35 d > dock} |Sel by producer 
Loading and trimming }0.18 }0.17 $0.09 0.32 eee gs $1.34 
Water movement 0.80 1.78 1.02 2.00 $ 4.00 5.06 
Marine insurance 0.08 0.03 
2nd port: 
Wharfage Tug 0.06 0.30 
Handling 0.54 }0.17 } 0.31 } 1.65 
Stevedoring : 0.25 - 1.10 2handlings 0.30 0.62 
2nd rail movement 1.94 2.34 - Switch 0.29 - 0.59 
Truck movement = _ Origin 0.18 - 1.05 - 
All other ~_ ~ Fixed Charge 0.16 Dock 0.07 Storage 0.15 - 
Total combined $6.13 $5.85 $1.64 $5.95 $8.35 
Original all-rail = $9.04 Water Comp. $2.90 Old $6.55 $10.20 $11.55 
Water competitive — - Water Comp. *2.29 New 6.35 5.70 9.46 
= Water Comp. 2.52 - 
Common carrier barge = Contract 1.50 
Origin Pocahontas Field Mesabi Prairie Du Florida Pebble District Louisiana Texas mines 
1st port Toledo Duluth Rocher, III. Tampa Coastal Galveston 
2nd port Duluth Cleveland Baton Rouge, La. Mobile, Ala. Bainbridge, Ga. Richmond, Va. 
Destination Grand Rapids, Minn. Pittsburgh | Baton Rouge, La. Mobile, Ala. Cairo, Ga. Bellwood, Va. 
District 
Reference Tariffs Skillings 299ICC 190 Georgia Port} 300ICC 715 
Mining Authority— 
Review, ICE 
276ICC 381 
Remarks Duluth dock Water cost Adjusted to 


operators are 
coal brokers. 
Costs vague. 


estimated by 
industry appears 
very low. 


reduced 
water costs. 


*Multiple car rate. 


$1.65 per ton, with the higher prices, plus storage, 
prevailing if—as is often the case—the size of the 
shipment as related to the daily demand for the 
product requires intermediate stockpiling at some 
handling point. Transfer of phosphate rock from 
ocean barges or ships at New Orleans is generally 
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DOLLARS PER NET TON 


absorbed by river barge operators to the extent of 
71 1/2¢ per ton. 

Additional charges may be made against certain 
forms of transport, such as 20¢ per ton above 
transfer costs levied against coal moving from St. 
Paul or Minneapolis docks in railroad cars. 
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Fig. 3—Freight revenue and mileage comparisons 

for various modes of transport for iron ore, based 
on Interstate Commerce Commission 1 pct waybill 
sample for commodity class 309 and on published 

tariffs and various other sources. 


Fig. 4—Freight revenue and mileage comparisons 
for various modes of transport for ore and concen- 
trates, NOS, based on Interstate Commerce Com- 
mission 1 pct waybill sample for commerce class 
319 and on published tariffs and various other 
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Fig. 5—Freight revenue and mileage comparisons 
for various modes of transport for stone and rock, 
crushed, broken, and ground (except fluxing stone 
and dolomite), based on Interstate Commerce Com- 
mission 1 pct waybill sample for commodity class 
3829 and on published tariffs and various other 
sources, 


Figs. 2 through 6 provide standardized presenta- 
tions of rail, water, and truck transport costs (to 
the extent available), for a sampling of the 24 
classes of products of mines, etc., which are 
covered in full detail in the preprint of this paper 
(SME Preprint 61HK19, St. Louis Meeting, Febru- 
ary 1961). 

The standard legend in these figures is self- 
explanatory; and although scales are different from 
the extended scale used in Fig. 1, the horizontal and 
vertical relationships are identical, thus giving 
comparable slope values. The basic data for these 
figures represents revenue for rail, published rates 
and stated costs for water and pipeline, and pub- 
lished rates and commodity annual averages for 
trucks, all of which are believed reasonably com- 


parable—within the obvious limitations of this paper. 


Railroad data were obtained mostly from mileage 
block distribution studies of the Interstate Com- 
merce Commission 1 pct waybill sample. The ap- 
parent average railroad revenue lines are actually 
lines connecting average revenue- mileage points 
for each mileage block. The spread of dots shows 


the spread of revenue-mileage points in the sample. 


Actually, the dots represent the freight charges re- 
sulting from the practical application, and occa- 
sional misapplication, of railroad freight rates, 
rather than a simple statement of the rates them- 
selves. 

For example, on bituminous coal, Fig. 2, a 
revenue of $8.20 per net ton for 512 miles, seem- 
ingly far out of line, represents a sampled car con- 
taining only 25 tons but paying the minimum car- 
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Fig. 6—Freight revenue and mileage comparisons 
for various modes of transport for sulfur, based on 
Interstate Commerce Commission 1 pct waybill 
sample for commodity class 345 and on published 
tariffs and various other sources. 


load rate for 40 tons. A few rail figures are tariff 
rates, particularly new multiple car and volume 
rates for water and other competitive purposes. 

In some cases, revenue-mileage points show a 
horizontal line, with same revenue for increasing 
distances. This is due to grouping of origins or 
destinations, or to intermediate applications of 
water or other competitive rates to avoid violation 
of the long and short haul clause. A stairstep line, 
such as those shown on Figs. 2 and 5, is the normal 
appearance of a mileage scale as stated in a tariff 
in terms of from 51 to 75 miles, the rate is 75¢; 
from 76 to 100 miles, 87¢, and so on. 

Fig. 3 covers iron ore by rail, lake, and barge. 
There is little truck movement except intraplant. 
This figure is too short to show ocean freight, 
shown in Fig. 1 at about half of lake rate, due to 
length of haul and crew wages. Fig. 4 covers ores 
and concentrates, (not otherwise specified— NOS) 
covering a variety of commodities, and particu- 
larly showing Colorado Plateau uranium ore truck- 
ing on both paved and unpaved roads. Fig. 5 covers 
crushed stone, except fluxing stone and dolomite, 
this being one of the lowest valued commodities, 
yet in some cases showing surprising length of haul 
in consideration of its low dollar value. There is 
very little regulated water or highway transporta- 
tion of crushed stone. Fig. 6 covers sulfur, a 
roughly average rated nonmetallic in the lower 
mileages by rail, but rising rapidly in higher 
mileages. Tank truck and river and coastal barg- 
ing are also compared. A substantial quantity of 
sulfur is now transported in molten condition in 
thermally insulated tanks by all modes of transport. 
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SASKATCHEWAN POTASH DEPOSITS 


The deposits occur ina large salt basin of Middle Devonian age. The potash, 
the final deposit in the salt basin, results from several interrupted cycles of 
evaporation and dessication. The deposits are extensive, and, at first glance, 
relatively undisturbed. With more and more wells being drilled, it has now 
become evident that salt solution has played a large part in changing the orig- 
inal deposits, resulting in some cases in partial to complete removal of the 
potash and the underlying halite. The most dominant factor in the removal of 
salt by solution appears to have been tectonic movement and consequent fault- 
ing, probably of relatively minor dimensions but of major importance. Evi- 
dence which indicates the tilting of the evaporite basin to the north and north- 
west is shown by the changing pattern of the basin during succeeding eras of 
potash deposition. The potash minerals of most importance economically are 
syluite and carnallite. Reserve calculations indicate that 6.4 billion tons of 
recoverable high grade potash in K2O equivalent exist in the basin. 


THE SALT BASIN 


| Devonian salt basin, which contains the Sas- 
katchewan potash deposits, extends from just east 
of the foothills in Alberta, north as far as the Peace 
River area, across Saskatchewan and into Manitoba 
as far east as Range 10 west of the First Meridian 
and south into Montana and North Dakota (Fig. 1). 
The basin is closed everywhere except to the north- 
west. The known potash deposits are confined almost 
entirely to the Province of Saskatchewan, with the 
exception of a small area in western Manitoba bor- 
dering the Saskatchewan boundary. The following dis - 
cussion will concern only the Saskatchewan part of 
the basin. 

The evaporite series in the basin is defined as the 
Prairie Evaporite Formation of the Elk Point Group, 
of Middle Devonian age. Recent work done by potas - 
sium-argon dating methods has indicated an Upper 
Middle Devonian (Givetian) age of from 285 to 347 
million years for the potash. 

The Elk Point Group consists in ascending order 
of the Ashern, Winnipegosis, and Prairie Evaporite 
Formations. The Ashern formation, with an average 
thickness of 30 ft, sometimes called the Third Red 
Bed, consists of dolomitic shales and shaly dolo- 
mites. The Winnipegosis, is a reef-type dolomite, 
usually with good porosity, and in many cases oil- 
staining, although to date no production has been ob- 
tained. The thickness varies from 50 to 250 ft. The 
Prairie Evaporite formation, varying from 0 to 600 
ft in thickness, consists of halite with interbedded 
anhydrite and shale, with considerable amounts of 
potassium salts in the upper part of the formation. 
The potassium salts are chiefly chlorides, although 
very minor occurrences of sulfates have been re- 
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ported. The anhydrite beds do not appear to be con- 
tinuous, although generally one or two bands of an- 
hydrite underlie the lowest potash zone and are used 
as marker horizons. The shale occurs as seams 
interbedded with the salts, as large irregular inclu- 
sions in the salts and as very fine particles in inti- 
mate mixture with the salts. 

The Prairie Evaporite Formation is overlain by 
the Second Red Bed member, the Dawson Bay For- 
mation andthe First Red Bed Member of the Manitoba 
Group, listed in ascending order. The Red Beds are 
shales which vary in color from red to green, ma- 
roon, grey, grey-black, and reddish purples. They 
serve as marker horizons for coring the potash. The 
Second Red Bed averages 14 ft in thickness, the First 
Red Bed 35 ft. The Dawson Bay Formation, which 
everywhere overlies the First Red Bed and the Prai- 
rie Evaporite Formation in the area under discussion, 
is a reef type of carbonate, in some places limestone, 
in others limestone and dolomite, with vugular to pin- 
point porosity averaging 130 ft in thickness. In some 
parts of the area, it has a salt section near the top 
of the formation, usually with interbedded shales and 
limestones. In other parts of the area, it is water- 
bearing and the salt is absent. Detailed mapping has 
indicated that the areas in which the Dawson Bay is 
water-bearing are areas which have been disturbed 
by faulting. Where the Dawson Bay is salt-bearing, 
the porosity has been plugged by salt. 

The total thickness of the salt varies from between 
600 to 700 ft in the center of the basin to zero at the 
northern edge of the basin (Fig. 2).* The salt-free 


*Figures 2 and 4 through 6 are after maps prepared by the author for 
the Dept. of Mineral Resources of Saskatchewan. 


area in the center of the Province is believed to have 
resulted from removal of salt by solution. Evidence 
from several wells suggests that salt removal has 
been a continuing process from the time of deposi- 
tion to the present day. One well drilled between 

the Quill Lakes for potash information encountered 


169 


v 
ATCHEWAN 


My 


\ 

\ 
\ 
\ 

MONTANA T NORTH DAKOTA 


Fig. 1—Outline of the salt basin in Alberta, Saskatchewan, and Manitoba. Shaded area corresponds to that 
shown in the isopachs of the potash zones, Figs. 2 and 4 through 6. 
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Fig. 2—Isopach of Prairie Evaporite Formation. Dotted line is the approximate edge of the Prairie Evapo- 
rites. 
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Fig. 3—Correlation of profile of potash zones. Identification of potash holes are: 1) Tidewater Swanson 
Crown 2, LSD 16-9-32-8-W3, K. B. 1753; 2) Tidewater Allenbee & Assoc. Nash 1, LSD 1-17-27-28-W2; 
3) Tidewater Stalwart Crown 1, LSD 14-10-27-25-W2; 4) Socony Sohio Duval 1, LSD 9-20-25-21-W2; 5) 
Imperial Muscowpetung 1-9, LSD 1-9-21-16-W2; and 6) British American Husky Phillips Ellisboro 1, 


LSD 8-36-18-10-W2. 


brine, underlain by rock salt, at the top of the Prai- 
rie Evaporite Formation. 


THE POTASH 


Three main zones of potash, each zone consisting 
of one or more beds, can be traced over most of the 
area (Fig. 3). Zone 1 is the earliest or lowest zone, 
and zone 3 the last or upper zone. In the early stages 
of exploration it appeared that the salt basin had been 


relatively undisturbed, but, as the drilling rate for 
potash holes increased and more information became 
available, it became evident that deformation of the 
basin took place during potash deposition. The zero 
isopachs of zones 1, 2, and 3 (Fig. 4, 5, and 6), show 
the changing outline of the evaporating basin, indi- 
cating a tilting of the basin to the north and north- 
west. These, and subsequent movements, must have 
resulted in faulting of the basin sediments. Such 
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Fig. 4—Isopach of potash zone 1. Dotted line is the approximate edge of the Prairie Evaporvites. 
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Fig. 5—Isopach of potash zone 2. Dotted line is the approximate edge of the Prairie Evaporites. 


fault zones, although they might be of minor dimen- 
sions, may well have been of major importance in 
that they could allow access of both surface and con- 
nate water to the salt-bearing formation and also 
provide exit routes for the subsequent brines. 

The structural map, based on seismic data,on the 
Paleozoic surface in the potash area shows an inter- 
esting correlation between low structural trends and 


wells which have either thinner than average salt 
thicknesses and in some cases no potash, or no salt 
at all. A possible explanation is that the erosion pat- 
tern on the ancient Paleozoic surface is also the fault 
pattern of the area, at least in part. If, through fault- 
ing, salt removal occurred, settling and downwarping 
of the sediments would follow, resulting probably in 
arolling hilland valley-type topography, with streams 
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Fig. 6—Isopach of potash zone 3. Dotted line is the approximate edge of the Prairie Evaporites. 


172 


; | ( | | 
SS | | | 
| | —~ | | | 
Sls 
| \| \ LASS \"\\, 0 
| \ | IN. \ 30. L 
\ ° 
50 
= 


following the valleys and cutting their beds even 
deeper. The final erosion plain would thenbe insome 
part a reflection of the fault pattern. Almost every 
well which has a thinner than regional average salt 
section lies on or near a structural low or structur- 
ally low trend. It seems possible that seismic work 
may offer a valid key to the areas which have been 
subjected to salt removal and which are therefore un- 
desirable for potash exploration. 

It is possible that the bay theory of natural off- 
shore barriers explains the presence of the potash 
deposits. Such extensive thick deposits would re- 
quire a very long undisturbed time for their for- 
mation. Undoubtedly there were renewals of sea wa- 
ter to the evaporating basin, but long intervals of time 
must have passed with no additions of moisture. The 
potash of zone 1 (Fig. 4) was restricted to the east- 
ern half of Saskatchewan. A barrier in the seaway at 
the western edge of the deposits would account for 
the deposition of potash to the east only during this 
time. Subbasins also formed along the southeastern 
shores of the sea; the potash in the Esterhazy sub- 
basin is remarkably rich and low in insoluble con- 
tent. 

Rock salt overlies the lowest potash beds of zone 
1, indicating a new influx of water. The shape of the 
evaporating basin (Fig. 5) in zone 2 time shows an 
extension of deposition to the north, south, and west, 
and a modification of the subbasins of zone 1 time. 
New subbasins make their appearance to the north 
and west. 

A further but less extensive incursion of the sea 
followed zone 2 time, and in turn was followed by the 
final era of evaporation and dessication of the sea. 
In zone 3 time (Fig. 6) the subbasins to the north 
and west were accentuated. A final period of halite 
deposition followed zone 3 time, and brought toa 
close the deposition of the Prairie Evaporite For- 
mation. 

The main potash minerals of the deposits are syl- 
vite, carnallite, and sylvinite (a chemical mixture of 


KCl and NaCl), with minor occurrences of leonite 

and polyhalite. Sylvite is the most important mineral 
economically, with a content of 63 pct K20 equivalent, 
followed by carnallite with 17 pct K,0 equivalent. 
Carnallite, as well as being a lower grade mineral, 
has the additional disadvantage of being a magnesium- 
potassium chloride, so that separation difficulties 
are involved in refining the salt. 

The sylvite and carnallite occur both separately 
and in association. In theory, sylvite should underlie 
carnallite, since carnallite is more soluble than syl- 
vite. The theoretical pattern of deposition of halite, 
sylvite, and carnallite is rarely found, however. It 
is probable that the existing deposits are a result of 
secondary recrystallization, occuring both during 
and after deposition, under the influence of tempera- 
ture changes, renewal of sea water to the basin, and 
tempo of dessication. There is as yet no published 
study of the petrography of the minerals, but sucha 
study would provide a better understanding of the ori- 
gin of the deposits. 

The clay content of the potash beds, both bedded 
and in intimate mixture with the salts, varies con- 
siderably over the area. Generally the percentage 
of clay in all three zones is higher in the western 
and central part of the province than in the east. 


RESERVES 


Saskatchewan potash reserves were calculated 
within the following limits: 1) one bed of between 5 
and 10 ft in thickness, 2) a grade of 25 pct K20 equi- 
valent or better, and 3) recovery of 40 pct in the 
mine and 90 pct in the mill. Within these limits, the 
reserves are estimated as 6.4 billion tons of recov- 
erable ore, representing 17.7 billion tons of ore in 
KO equivalent in place. This reserve would satisfy 
the present rate of demand for the North American 
continent; 2,000,000 tons of ore in K20 equivalent per 
year for 3,000 years. 
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CHEMICAL AND METALLURGICAL LIMESTONE IN 
NORTHERN AND NORTHEASTERN STATES 


AND ONTARIO 


The north central and northeastern states supply over 50 pct of the chemical 
and metallurgical limestone produced annually in the United States, and On- 
tavio is the leading source of this material in Canada. About three fourths of 
the chemical and metallurgical stone produced in this area comes from Mich- 


igan, Pennsylvania, Ohio, and Ontario. 


The specifications, physical and especially chemical, for chemical and 
metallurgical stone depend upon the end use, but in general the tolerance for 
impurities is so low as to rule out most limestones and dolomites. Both high 
calcium limestone and dolomite are used in the metallurgical and chemical 
industries. The principal metallurgical use is as a flux in 1von ore blast 
furnaces and open hearth steel furnaces. The major chemical uses are in 
lime burning and soda-ash manufacture. Other important uses include glass 
manufacture, in making calcium carbide, and in sugar factories. 

All deposits of high quality carbonate rock are definitely finite. Invariably 
and inevitably they diminish in either thickness or quality laterally so as to 
become unworkable as chemical and metallurgical stone. The size of these 
high quality lenses vanges from a few thousands of tons to hundreds of 
millions of tons. The best hunting for new supplies is in the geologic forma- 
tions known to contain premium quality deposits. However, because of high 
transportation costs, carbonate rocks, to be workable, must be close to mar- 


ket, dollarwise. 


efinitions: Chemical stone is limestone or dolo- 

mite used as a raw material by the chemical in- 
dustry. The major chemical uses are in lime burn- 
ing and soda-ash manufacture. Other important uses 
include glass manufacture, making calcium carbide, 
and in sugar factories. The specifications for 
chemical stone depend entirely upon the end product. 
Some uses require dolomite, some require high 
calcium limestone; in a few instances, notably in 
lime burning, either type of carbonate rock can be 
used as raw material. As a general rule, a fairly 
pure stone is necessary and for certain particular 
uses the tolerance for some elements such as sul- 
fur, iron, and phosphorus may be extremely small. 

Metallurgical stone is used as a flux in furnace 
operations, especially in the blast furnace where 
iron ore is converted into pig iron and in the open 
hearth furnace where pig iron is made into steel. 
Either limestone or dolomite can be used in the 
blast furnace, but only high calcium stone is charged 
in the open hearth (except for rice-size dolomite 
used as a refractory). There are no rigid chemical 
specifications for blast furnace stone, but low silica, 
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alumina, sulfur, and phosphorus are desirable. For 
open hearth uSe, in addition to low magnesia, a very 
low sulfur content is also specified by many furnace 
operators. For furnace use, fluxstone also must be 
sufficiently shatter resistant that it will remain in 
lump form during transport and charging into the 
furnace. 

Commercial stone is the term applied in the trade 
for crushed stone used for roadstone and in concrete 
aggregate. Many of our best chemical and metallur- 
gical limestones are too soft to qualify in the Los 
Angeles abrasion test for use as commercial stone. 
However, some limestones, and a higher proportion 
of dolomites, do qualify for commercial stone and so 
can be sold to either market. 

Place Value: Even the highest grade limestone is 
still a bulk commodity with a relatively low value 
per ton. As a matter of fact there is very little 
difference in the average price per ton between high 
grade chemical and metallurgical stone and crushed 
limestone used commercially. Most high quality 
stone is produced in large operations with conse- 
quent low cost per ton whereas most commercial 
stone is produced in relatively small local quarries. 
As in the case of other bulk commodities most lime- 
stone buyers pay more for transporting the raw 
material than the cost of the stone at its source. 
For this reason steel furnaces and chemical plants 


are located in areas where limestone and other bulk 
raw materials can be delivered at minimum cost. 
Only limestone deposits which are so placed that 
they can compete successfully in transportation 
cost as well as other costs have any value. 

Place value has maximum importance in the case 
of blast furnace stone. The choice between using a 
nearby relatively impure limestone and a much more 
distant high grade limestone is entirely a matter of 
economics. The local low grade limestone can be 
delivered to the plant much more cheaply per ton 
than the more distant stone. However, a consider- 
ably greater quantity of the low grade’ flux will be 
needed because the carbonate minerals in the rock 
will have to flux off their own impurities as well as 
the impurities in the iron ore and coke. When the 
cost of purchasing the greater tonnage of impure 
limestone plus the increased handling costs (includ- 
ing slag disposal) exceed the costs of buying and 
handling higher grade stone from a more distant 
point, the local stone will either be abandoned or 
blended with imported stone. 


DISTRIBUTION 


General: The north central and northeastern states 
supply over half the chemical and metallurgical 


limestone produced annually in the United States, 
and Ontario is the leading source of this material in 
Canada. About three fourths of the chemical and 
metallurgical stone produced in this area comes 
from Michigan, Pennsylvania, Ohio, and Ontario. 
Most of the rest comes from New York, Missouri, 
Illinois, and Iowa. 

Geologically the most important rock ages for high 
quality limestone and dolomite in the area under con- 
Sideration are the Ordovician, Silurian, Devonian, 
and Mississippian. The principal areas where rocks 
of these ages contain high grade carbonate rock 
strata lying at the bedrock surface are shown in 

However, in reading this map two points should be 
emphasized: 1) in many places the bedrock is cov- 
ered by a veneer of glacial or other unconsolidated 
deposits perhaps hundreds of feet in thickness, and 
2) the high grade deposits themselves are isolated 
lenses occupying only a small fraction of the total 
outcrop area shown on the map. 

Both limestones and dolomites are found in these 
designated areas. As a general rule the Silurian 
rocks are dolomites; the Ordovician, Devonian, 
Mississippian, and Pennsylvanian rocks contain high 
calcium limestones; and the Cambro-Ordovician 
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rocks in eastern Pennsylvania contain both lime- 
stones and dolomites. 

Pennsylvania: Pennsylvania is second only to Mich- 
igan in production of furnace and chemical stone. 
Although limestones and dolomites are produced in 
over half of the Pennsylvania counties, most of the 
chemical and metallurgical stone comes from five 
areas: 1) the Hillsville district in Lawrence County 
in northwestern Pennsylvania, 2) Centre and Miffin 
Counties in central Pennsylvania, 3) the Lebanon 
Valley of southeastern Pennsylvania, 4) the Phila- 
delphia dolomite district, and 5) Adams and York 
Counties, also in southeastern Pennsylvania. With 
the exception of the Hillsville district where the 
rocks are of Pennsylvanian age, the geologic ages of 
these ledges are Ordovician or Cambrian. 

Most of the stone from the northwestern and cen- 
tral districts is used in western Pennsylvania and in 
the Youngstown area of eastern Ohio. It competes 
with lake stone brought overland from Lake Erie 
ports and with stone from the Martinsburg district 
of West Virginia and Virginia. The other three pro- 
ducing districts supply eastern Pennsylvania and 
east coast markets. 

The stone produced in the Hillsville-Bessemer 
district is the Vanport limestone of Pennsylvanian 
age. It is highly variable in thickness but where ex- 
ploited has an average thickness of about 18 ft. Due 
to erosion prior to the deposition of overlying for- 
mations, this limestone has been cut out all to- 
gether in many places in western Pennsylvania. The 
Vanport is flat or nearly so throughout its area of 
occurrence. In the Hillsville district, which ex- 
tends a short distance over the line into Ohio, the 
Vanport is quarried, but farther to the east it has 
been both quarried and mined for many years. The 
Vanport stone is of marginal quality, chemically; it 
owes it furnace use to its strategic location (place 
value). 

The Ordovician Valentine formation which is 
mined in Centre County is high calcium limestone of 
good quality and it is exploited for lime burning and 
chemical and metallurgical stone. It crops out along 
the limbs of the Nittany anticline on opposite sides 
of Nittany Valley. On the northwest flank the beds 
are vertical, but the opposite flank of the anticline 
dips from 18° to 45°. Although formerly quarried to 
a considerable extent, most production now comes 
from underground mines in the Bellefonte area and 
across the valley in the vicinity of Pleasant Gap. 
Limestone of similar age is quarried for fluxstone 
at Naginey, Mifflin County. 

The Annville limestone, also of Ordovician age, is 
the high grade calcium limestone which is quarried 
in the Lebanon Valley of southeastern Pennsylvania. 
Here the strata have been tilted beyond the vertical 
so that they dip from 30° to 50° south. The Annville 
is used for lime burning and chemical and metallur- 
gical stone, and in addition some is shipped into the 
Lehigh cement district to sweeten cement rock 
where it runs too high in magnesia for portland 
cement specifications. 

Both high calcium limestone and dolomite of 
metallurgical quality are produced in the folded 
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Cambrian rocks of southeastern Pennsylvania. Cen- 
ters of limestone production are in Adams County 
and in the vicinity of Thomasville in York County. 
High grade dolomite is produced by large operations 
to the northeast and southwest of Philadelphia. The 
east coast steel mills are supplied with limestone 
and dolomite principally from these Cambrian 
carbonate rock formations in southeastern Pennsyl- 
vania. 

Although Pennsylvania is underlain with many 
cubic miles of carbonate rock, the percentage that 
is of chemical and metallurgical grade is extremely 
small. The remaining reserves of Vanport lime- 
stone in northwestern Pennsylvania that can be pro- 
duced economically for metallurgical stone are 
limited. By far the greater part of the high grade 
dolomite remaining in the Philadelphia area is no 
longer available as it has become covered by the 
spread of urban development. Most of the Annville 
limestone lying within reasonable distance of the 
surface in the Lebanon Valley has already been 
removed, or has been covered by subdivisions and 
rights of way. The largest known reserves of high 
quality limestone are in Centre County, but much of 
this stone is economically marginal because of min- 
ing costs. Thinner beds of good quality stone occur 
elsewhere, especially in south-central Pennsylvania, 
but their exploitation is handicapped by the high cost 
of developing these steeply dipping beds of limited 
thickness. 

New York: Although New York produced over 20 
million tons of limestone in 1958, very little of it 
was used for metallurgical purposes. Formerly 
Devonian limestones were exploited in western New 
York for use as fluxstone in the Buffalo-Niagara 
Falls metallurgical plants, but now stone for this 
purpose is brought in by lake carriers from Michi- 
gan or by rail from southwestern Ontario. Devonian 
limestone has been exploited for many years near 
Syracuse for the manufacture of soda ash and other 
chemicals. 

Ontario: The two southernmost limestone areas in 
Ontario, shown in Fig. 1, are important sources of 
metallurgical and chemical stone in this province. 
The larger of these two areas is the exceptionally 
high grade calcium limestone deposit at Beachville 
(between Woodstock and Ingersoll) where several 
companies are actively engaged in quarrying chemi- 
cal and furnace stone. The limestone is of Devonian 
age. To the north, in the vicinity of St. Marys, is 
another but lower grade Devonian limestone de- 
posit which is exploited also. Near the mouth of the 
Detroit River at Amherstburg is still another source 
of chemical stone. 

The Guelph and Lockport dolomites of Niagaran 
(Silurian) age are very prominent in Ontario, ex- 
tending from Cockburn Island next to the inter- 
national boundary southeastward to the Niagara 
River at Niagara Falls. They are quarried, mainly 
for fluxstone and lime burning, in the highly in- 
dustrialized area of southern Ontario. These dolo- 
mites have not yet been exploited north of Wiarton 
on the Bruce Peninsula. 

Most of the Devonian limestone shown on the map 


at the tip of the southwestern Ontario Peninsula to 
the east of the Detroit River is covered by a thick 
veneer of Pleistocene sediments. 

Ohio: The only really high quality carbonate rock 
occurring in abundance in Ohio is in the Niagaran 
dolomite which underlies a considerable area in 
western Ohio (see Fig. 1). The best stone appears 
to be localized in the northern part of the Niagaran 
outcrop, to the southeast of Toledo. Here is the 
largest lime burning district in the United States. 
Because of the purity of the dolomite the lime is 
likewise high grade and is used in chemical manu- 
facture. Raw (unburned) dolomite is also shipped 
directly to chemical and steel plants. Some Ohio 
limestone is used for metallurgical purposes, but 
it is of marginal quality so far as furnace use is 
concerned and it owes this market to place value. 
The calcium stone exploited is principally the 
Columbus limestone of Devonian age. 

The high quality dolomite reserves in north- 
western Ohio are large, but because of greater 
overburden thickness future removal costs will be 
considerably higher than they are in the present 
operations. Most of the Columbus limestone lying 
within quarriable depth has already been removed 
in northern Ohio, and the greater part of the stone 
remaining in central Ohio is submarginal so far as 
chemical and metallurgical uses are concerned. 
Michigan: Michigan is the leading producer of both 
fluxstone and chemical stone. This is due both to the 
presence of high quality limestones and dolomites in 
the state and to the closeness of these deposits to 
water transportation on the Great Lakes. The five 
important stone shipping ports, each owned and used 
by a single company, are Port Inland, a high calcium 
limestone source at the northern end of Lake Michi- 
gan; Port Dolomite and Drummond Island, two dolo- 
mite shipping ports near the eastern end of the 
northern peninsula at the north end of Lake Huron, 
and Calcite and Stoneport on the northeastern coast 
of the southern peninsula, also on Lake Huron. The 
last two are sources of high calcium limestone. The 
three limestone producers are first in tonnages 
shipped during 1959 with Calcite sending nearly 14 
million tons down the lakes, Port Inland about 
2,400,000 tons, and Stoneport just under 3,600,000 
tons. Drummond Island shipped nearly 2,250,000 
tons of dolomite and Port Dolomite a little over 
2,100,000 tons during the same year. 

The principal market for this stone is the steel 
industry; other important markets are the chemical 
plants, lime kilns, and cement plants located on the 
shores of all of the Great Lakes, including Lake 
Superior. 

The northern peninsula deposits are in Niagaran 
rocks of Silurian age. The high calcium stone 
quarried to the north of Port Inland is a large lens 
in a massive dolomite formation. The two opera- 
tions in the northeastern part of the southern penin- 
sula produce from the same Devonian ledges. Most 
of the stone produced in volume in Michigan is high 
quality chemically, and some is so low in sulfur as 
to command a premium price. 

The reserves adjacent to the present operations 


are large but by no means infinite. In every instance 
as one explores farther out from these production 
centers the high grade stone either lenses out, is 
eroded off, or disappears beneath overburden of 
great thickness. 

That part of the Devonian section that contains 
high quality limestone in the northern part of the 
southern peninsula is also present in southeastern 
Michigan, but in the intervening distance the quality 
has deteriorated so the only use made of this ma- 
terial here is for roadstone and cement manufac- 
ture. 

Indiana: Indiana, although the nation’s No. 1 pro- 
ducer of limestone building stone, does not produce 
chemical or furnace stone in any appreciable 
quantity. The only fluxstone currently marketed in 
this state is a relatively small amount of quarry and 
mill waste from the building stone industry. Some 
of the dimension stone quarried is of chemical 
stone quality, but it is interbedded with ledges 
which are marginal to submarginal as far as this 
market is concerned. Furthermore, dimension 
stone is of greater value than furnace or chemical 
stone so there would be no point in diverting any of 
this production to these uses. 

The Ste. Genevieve limestone of Mississippian 
age which is shown on the map as extending from 
the Ohio River northwestward into west central 
Indiana does have deposits within it of acceptable 
grade limestone, but unfortunately along the Ohio 
River, where the logistics favor exploitation, the 
Ste. Genevieve is so variable chemically, both 
vertically and horizontally, that the actual volume 
of good stone is relatively small, and that stone 
could be removed only under a quality control 
program. 

The Silurian rocks which underlie such a large 
part of Indiana (see Fig. 1) are covered by a thick 
blanket of glacial deposits in northwestern Indiana, 
and are of submarginal quality in eastern Indiana 
so far as chemical and furnace use is concerned. 
Illinois: Illinois contains two districts of high quality 
carbonate rocks. One is in the Silurian belt in north- 
eastern Illinois, including the Chicago area where 
several excellent lenticular deposits of dolomite are 
quarried. Much of this stone is of chemical and 
furnace quality, but because of its place value in the 
Chicago metropolitan area most of it is used as 
commercial stone. 

The other district is on the western and southern 
sides of the state where Mississippian limestone and 
to a lesser extent Ordovician limestone are actively 
exploited for lime burning and chemical purposes. 
The Ordovician stone produced is the high calcium 
Kimmswick limestone which is quarried near Val- 
meyer in Monroe County and which is exposed in 
bluffs of the Mississippi River in Calhoun and 
Alexander Counties. 

The Ste. Genevieve, St. Louis, and Salem lime- 
stones of Mississippian age also wall the bluffs of 
the Mississippi River and of the Ohio River for a 
short distance above its mouth. These ledges are 
extremely variable chemically, and high grade de- 
posits are not abundant. However, quarries in 
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Madison, St. Clair, Monroe, and Randolph Counties 
produce chemical stone as well as commercial 

and agstone from these formations. Much of the 
limestone produced in Randolph County is shipped 
to Baton Rouge by freight car for chemical use. In 
Union County in southern Illinois, inland from both 
the Mississippi and Ohio Rivers, is a crystalline 
limestone bed of Mississippian age of large size 
and unusual purity. This deposit, which is over 300 
ft in thickness, is not being exploited except in very 
small amounts for local use. 

Wisconsin: Wisconsin appears to be completely de- 
void of high calcium limestone ledges of commer- 
cial thickness. The kilns producing calcium lime 
and the portland cement plants are all located along 
the Lake Michigan shore where lake stone can be 
imported. 

However, Wisconsin does have a wealth of dolomite 
in the Niagaran formation which extends along the 
eastern edge of the state from the Door Peninsula to 
the Illinois boundary (see Fig. 1). This stone is 
quarried and burned for lime in four counties. 

There appears to be no blast furnace use of Wiscon- 
sin dolomite, and chemical use seems to be largely 
confined to the production of magnesium lime. Ade- 
quate quality data for this stone are not available. 
Iowa: A very small fluxstone production is reported 
from Devonian limestones in eastern Iowa. The only 
lime plant in the state produces chemical and indus- 
trial lime from a Devonian limestone in Scott 
County. According to Hershey (1960, p. 178), the 
best possibility for quality carbonate rock in volume 
in Iowa is ‘‘the upper Silurian dolomite belt crossing 
Cedar, Lynn, and Delaware Counties in east central 
Iowa’’ (see Fig. 1). 

Missouri: The high grade calcium odlitic limestone 
of Mississippian age at Ste. Genevieve in Ste. 
Genevieve County is the outstanding source of 
chemical stone and chemical lime in Missouri. 

This is one of the major lime districts in the 
country. Curiously enough, although the head frames 
of the mines are within sight of the Mississippi 
River, all shipments are by rail or truck. Chemical 
stone and lime are shipped from here to Calvert 
City, Kentucky, and other chemical plant areas. The 
outcrop areas of the Mississippian rocks which in- 
clude the odlite are shown on the map. Also shown is 
the distribution of upper Ordovician rocks in eastern 
Missouri. In this section is the Kimmswick forma- 
tion which Hayes, Searight, and Koenig (1960, p. 172) 
describe as unusually pure coarsely crystalline high 
calcium limestone. 

Not shown on the map is the Cambrian Bonneterre 
dolomite which is mined in St. Francois County and 
burned to produce refractory lime. It is reported 
that the marble phase of the Bonneterre is a high 
grade calcium limestone (op. cit.). 


DISCUSSION 


Logistics: It is obvious that the greatest control next 
to the actual presence of limestone of adequate qual- 
ity and quantity is the availability of water transport 
which will permit movement of this bulk commodity 
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over considerable distances at minimum cost. There- 
fore by far the greatest production of chemical and 
metallurgical limestone in the U.S. is in the Great 
Lakes area where stone is available near the lake 
shores and where markets have been developed on 
the lower lakes because of this availability and the 
greater density of population there. 

An amazing situation is the fact that with few ex- 
ceptions very little use has been made of the Missis- 
sippi River system for transporting limestone from 
riverside quarries to market. The only consistent 
barging of limestone to my knowledge is locally on 
the Ohio River where both a quarry and a mine on 
the Kentucky shore deliver cement and commercial 
stone to nearby markets by water. On the other hand 
there is a large scale overland movement of high 
quality calcium limestone from sources on both 
sides of the Mississippi River in Missouri and 
Illinois to markets also on the Mississippi River 
system. If an adequate source of supply can be 
found on the Ohio River, it might be economical to 
barge flux and chemical stone upstream to the 
Pittsburgh market area. Perhaps what is needed 
most is some type of self-unloading or dump barge.* 


*See Rock Products, April 1961, p. 71, for picture of gravel dump barge. 


This would facilitate transfer of the crushed stone 
from the barge to the furnace or chemical plant 
stockpile. 

Reserves: Although the total volume of run of nature 
limestone and dolomite in the earth’s crust is enor- 
mous, there is no such thing as an unlimited deposit 
of metallurgical or chemical grade stone. All such 
deposits are finite and definitely limited in all three 
dimensions. Everyone acknowledges that we can and 
do have deposit edges due to truncation by erosion, 
but some laymen and many theoretical geologists 
are deluded into believing that high grade carbonate 
deposits can be expected to continue for indefinite 
distances along the strike and down the dip. Nothing 
could be farther from the truth. In some deposits 
the quality deteriorates to a submarginal point, 
either along the strike or down the dip, within the 
confines of a single quarry. Quarries have ceased 
operating along the strike before reaching the 
property boundary for the simple reason that the 
stone became too foul chemically to meet specifica- 
tions. Cessation of exploitation down dip is usually 
due to increased cost of stripping or mining, but one 
can be very sure that somewhere beyond (or even 
before) that economic cut-off point there is alsoa 
quality boundary. 

In other words, high grade limestone or dolomite 
deposits are lenses in very much larger bodies of 
carbonate rock. The geological conditions which will 
permit the original accumulation of almost pure 
sediment of any type are never widespread, and 
subsequent geological activity, especially deposition 
by circulating ground waters, may reduce further the 
size of the pure deposit. 

Fortunately there are some lenses of high grade 
carbonate rock of such size so as to contain re- 


serves measurable in the hundreds of millions of 
tons. 


Limestone Hunting: The usual procedure in search- 
ing for a new source of metallurgical or chemical 
grade limestone or dolomite is first to determine 
the areas where formations known to contain such 
deposits lie closest to market in terms of transpor- 
tation costs. In the region under discussion this 
means close to water transportation. Urban and 
near urban areas have to be eliminated from con- 
Sideration because of high land values and zoning 
restrictions. The second phase is field geology, 
searching for and sampling carbonate rock outcrops, 
and at the same time developing an adequate under- 
Standing of the stratigraphy and structure of the 
rock formations. Samples should be cut for analysis 
at every exposure, using 1-ft intervals where possi- 
ble. As a general rule analyses of outcrop samples 
show higher impurities than of cores of the same 
section, because the less pure (more siliceous) 
strata are more likely to crop out than are beds of 
pure limestone. The third step, after a stone of 
adequate purity and volume has been found or sus- 


pected, is to option the land involved and core-drill 
it for a much more accurate three-dimensional pic- 
ture of the deposit. 

Rarely if ever will a suitable deposit be found in 
the area of maximum logistics value. One has to 
carry his search outward from the optimum point, 
and, of course, as he moves farther and farther 
away from cheap transportation, the place value of 
the deposit sought declines. 

The limestone hunter, no matter how skilled a 
geologist he may be, has one major handicap: if it 
isn’t there, he can’t find it. 
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PERLITE INDUSTRY 


An overall view of the perlite industry is concisely presented. The geology, 
mining, milling, processing, and applications of perlite, as well as the 
present status of the perlite industry are treated. 


pa in strict petrological usage, describes a 
specific variety of volcanic glass in which strain, 
incident to cooling, yielded a concentric structure 
of fracturing which may be visible either to the 
naked eye or under a microscope. In commercial 
usage, the term perlite includes any naturally 
occurring acidic glass of volcanic origin that will 
expand when heated to a suitable temperature. 

The name perlite is a derivation of perlstein 
which originally defined ‘‘certain glassy rocks 
(hyaloliparites, hyalo-rhyolites) with numerous 
concentric cracks, from the fancied resemblance 
of broken out fragments to pearls.’’* 

While perlite has been known to geologists for 
many years, it was not until 1941, while investigat- 
ing perlite for use in enamel, that an assayer in 
Superior, Ariz., noted the unusual expansion charac- 
teristics of the ore. Further investigations were 
delayed until following World War II when many 
small plants were built and experimentation in the 
treatment and uses of perlite began. 

The Perlite Inst. was organized in 1949 to pro- 
mote the development of the new industry, establish 
commercial standards through research, and to ex- 
plore new uses and markets. The Institute, located 
in New York, represents some 50 producers in the 
U.S., Canada, Australia, England, France, Germany, 
Greece, Japan, Mexico, and New Zealand. 

In 1949, 71,100? short tons of crude perlite were 
produced, sold or used by U.S. producers, and this 
figure increased to 325,000° short tons by 1959. 
Such a rate of increase indicates the rapid and con- 
tinuing growth of the perlite industry. 


GEOLOGY 


Perlite ore in its crude form has been found in 
seven of the mountainous western states, since un- 
devitrified siliceous volcanic rocks are limited to 
this section of the U.S. Commercially operated 
perlite deposits are normally of Eocene and Oli- 
gocene age.* These deposits are often several 
hundred feet thick and may extend over hundreds 
of acres. 

In 1959, 13 companies in six states produced 


R.E. BARNES is Technical Director, Perlite Institute Inc., 
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crude perlite, although the output in New Mexico 
comprised 79 pct of the total domestic crude output. 
Other states in order of their production were: 
Nevada, Arizona, California, Colorado, and Utah.” 
Foreign deposits of perlite which are either pro- 
ducing or under exploration are Australia, Canada, 
Greece, Hungary,° Iceland, Ireland, Japan, Mexico, 
New Zealand, and Sardinia. 

The ore may exhibit a variety of characteristics 
depending partially on its water content and eruption 
history and may range through many shades from 
black to white. While these characteristics may 
vary slightly among deposits, perlite ore from a 
particular source is normally quite uniform. 

Available chemical analyses of perlites from a 
large sampling of domestic deposits were recently 
assembled by the Technical Committee of Perlite 
Institute and are presented in Table I. While the 
ranges given do not apply to a particular perlite, 
they are an indication of the chemical analysis 
which may be expected from any presently commer- 
cially operated deposit. 

The specific gravity of the perlite ore ranges be- 
tween 2.2 and 2.4, and its bulk density when crushed 
and sized is 75 to 90 lb per cu ft. 


MINING AND MILLING 


Perlite ore is quarried from open pits by conven- 
tional power equipment, although blasting has been 
occasionally employed. The rock is then stock-piled 
until needed. 

While the milling of perlite may seem a simple 
process compared to that required for basic metals, 
or even other nonmetals, the need for accurate con- 
trol of particle size becomes extremely important in 
further processing. The first step in this operation 
is the primary crusher, which is normally a jaw 
crusher. Following crushing, the material is dried, 
if necessary, in a rotary dryer and conveyed to a 
secondary grinder which may be a rod mill, hammer- 
mill, or cone crusher. However, the crushing 
characteristics of the perlite, caused by incipient 
cooling fractures, requires it be removed from the 
grinding operation once it is reduced to the required 
size so as to prevent overgrinding. 

Following the grinding operations, various size 
screens are used to separate the ore according to 
particle sizes required for particular uses. Most 
plants use two or more stages of crushing with per- 
haps four stages of screening. 


Table I. Typical* Chemical Analyses of Expanded Perlite 


Pct 

Silicon dioxide (SiO,) 
Aluminum oxide (Al,0,) 18 
Potassium oxide (K,0) 4 to 5 
Sodium oxide (Na,O) 2.9 to 4 
Calcium oxide (CaO) to, 
Ferric oxide (fe,Q,) Ord) to) 
Magnesium oxide (mgO) 0.1 to (0.5 
Titanium dioxide (TiO,) 0.03 to 0.2 
Manganese dioxide (MnO,) 0.03 to 0.1 
Sulfur trioxide (SO,) OF 
Ferrous oxide (FeO) 
Chromium (Cr) 0 to 0.1 
Barium (Ba) 0 to 0.05 
Nickel oxide (NiO) Trace 
Copper (Cu) Trace 
Boron (B) Trace 
Beryllium (Be) Trace 
Free silica 0 to 2 
Total chlorides Trace to 0.2 
Total sulfates None 


*Perlite Inst. Inc. —presented as an indication of the analysis which 
may be expected from any presently commercially operated deposit. 


Research has shown that it is desirable to remove 
some of the fines (-100-mesh material) from the 
expanded product and that a portion of these fines 
are the result of fines in the milled product. Of 
equal importance in obtaining the desired screen 
analysis of the expanded product is that the amount 
of coarse material (+10 mesh) not be excessive. 

The most common sizing of crude perlite for the 


production of plaster aggregate is -16 mesh and 
slightly coarser for concrete aggregate. Industry 
standards for sizing of expanded perlite will be 
presented later. 


PROCESSING 


From our domestic mines, the crushed perlite is 
shipped in bulk to expanding plants throughout the 
U.S. and Canada. Here the ore is injected into a 
furnace at a temperature between 1600° and 2100°F 
to produce the expanded perlite aggregate. 

Some of the different furnace types which have 
been used for this purpose are: ‘‘the horizontal 
stationary furnace with and without a preheater, the 
vertical stationary furnace with four combinations of 
feed and draft, the short and the long co-current ro- 
tary furnaces, the counter-current rotary, the in- 
directly fired rotary, and the multiple-hearth fur- 
nace.’’’ Many of these have become obsolete and the 
industry has more or less adopted the rotary hori- 
zontal furnace and several variations of the vertical 
stationary furnace. These may be used with or with- 
out a separate tube for preheating the ore below 
800° F just prior to introducing the material into 
the flame of the furnace. This preheating treat- 
ment is sometimes used for increasing production, 
limiting the formation of fines or controlling the 
expansion of various sieve fractions to uniform 
densities. 

Fig. 1 shows a plant flowsheet for the vertical 
stationary furnace used at the Atlantic Perlite Co. 
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in Washington, D. C. The 16 ft long 20 in. diam pre- 
heater is set on a slope of 1:11 1/2 to provide a 
3-1/2-min retention time for material in the kiln 
while it is rotated at 5 rpm by a 1 1/2-hp motor. 

The furnace is fired by eight gas burners that are 
set to form a plenum at the venturi throat. Either 
the untreated or preheated ore is introduced near 
the bottom of the furnace, but above the venturi 
throat, where a furnace temperature of 1600°F is 
reached. The furnace has thermocouples for indi- 
cating temperatures at the bottom and top of the 
furnace while other meters record draft and com- 
bustion conditions. 

The expanded perlite is carried by air currents in 
a combination vacuum-pressure air classification 
system that is used to separate various grades. The 
air system services the furnace, the 30x10-ft pri- 
mary cyclone, the nine-tube multiclone, and the 
20x5-ft secondary cyclone separator. The air clas- 
sifying system operates exhausting up to between 
the primary cyclone and the multiclone and then be- 
comes a forced-air system. A fan driven by a 20-hp 
motor circulates air at 7500 cfm. 

The air currents operate to classify the material 
collected, carrying about 20 pct of the lighter weight 
material over the top of the primary cyclone. This 
material passes the fan and goes by forced air cur- 
rent to the nine-tube multiclone where fines are 
collected. These fines may be collected separately 
or returned to the primary cyclone for loading or 
bagging. 

Extremely fine particles carried over the multi- 
clone enter the secondary cyclone separator. Ap- 
proximately one four-cu ft bag of these fines is 
collected for every 20 bags of plaster or concrete 
aggregate produced. These fines may also be col- 
lected separately or returned to the primary cy- 
clone. Although there are three possible collection 
points in the system, the one under the primary cy- 
clone is normally used. 

Expansion of the crude perlite is attributed to the 
presence of 2 to 5 pct combined water in the ore 
which vaporizes when subjected to the 1600° to 
2100°F gas or oil-fired flame of the furnace. When 
the perlite ore is heated to this fusion range with 
sufficient rapidity, it softens and simultaneously re- 
leases water vapor, converting the melt into a foam. 
This loss of water increases the viscosity in such 
a way that the foam solidifies to become a porous 
lightweight material called expanded perlite. 

The physical structure of the expanded product 
might be described as that of an aerogel with not all 
of the original gel water removed. It is a solid 
thoroughly penetrated with channels, pores, and bub- 
bles of microscopic and ultramicroscopic dimen- 
sions which gives the material a surface area in the 
order of 1 sq m per g. This expansion process also 
creates one of perlite’s most distinguishing fea- 
tures—its white color. 

The expanded product is classified as chemically 
inert, having a pH of approximately seven. It is 
soluble in hot concentrated alkali and in hydrofluoric 
acid, slightly soluble (<2 pct) in concentrated min- 
eral acid and very slightly soluble (<0.1 pct) in 
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Table II. Specifications for Expanded Perlite 


Percentage Retained by Volume 


U.S. Standard 


Sieve No Minimum 


Maximum 


ASTM Specification C35: Plaster Aggregate*—Pct Retained by Vol 


4 0 - 

8 5 0 
16 60 10 
30 95 45 
50 98 75 
100 100 88 


ASTM Specification C332: Concrete Aggregatet—Pct Retained by Wt 


4 - 0 

8 15 0 
16 60 15 
30 80 40 
50 95 75 
100 100 90 


Perlite Inst. Inc.: Perl-Lome Specification, Horticultural 
Aggregate: —Pct Retained by Vol 


20 - 90 
100 - 98 


*Dry loose weight, 74 to 15 1b per cu ft. 
tDry loose weight, 714 to 12 lb per cu ft. 
¢Dry loose weight, minimum 5 lb per cu ft. 


dilute mineral or concentrated weak acids. 

Expanded perlite can be commercially produced 
in the density range of from 2 lb per cu ft to 20 or 
more lb per cu ft, depending upon the sieve analysis 
and anticipated use. The three most commonly 
followed aggregate specifications are indicated in 
Table II. Material standards in the field of loose fill 
building insulation and for low temperature insula- 
tion in cryogenic applications which require very 
close control of density and sieve analyses are 
presently being developed. 


USES 


One of the greatest attributes of perlite aggregate 
is its extremely low thermal conductivity. This has 
been one of the primary reasons for its acceptance 
in the fields of construction and cryogenic engineer- 
ing. Fig. 2 shows the thermal conductivities (zk 
factors) that may be attained at various densities 
with expanded perlite produced for conventional 
construction usage. 

About 75 pct of the expanded perlite produced in 
the U.S. is used for construction purposes at the 
present time. The qualities of lightness, fire re- 
sistance, and insulation which have made perlite 
the leading plaster aggregate, also make it ideally 
suited for use as an aggregate in insulating concrete 
for roof decks and other types of construction re- 
quiring these properties. 

Perlite concrete can be produced in the dry den- 
sity range of from 20 to 50 lb per cu ft, depending 
on the mix design selected. The most common use 
of perlite insulating concrete is in roof deck con- 
struction, where the structural deck and insulation 
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Fig. 2—Thermal conductivity factors of expanded 
perlite. Top—Thermal conductivity vs density for 
loose expanded perlite (Perlite Inst. Inc., reported 
by Armour Research Foundation in Report No. 
4637-H1). Bottom—Thermal conductivity vs mean 
temperature for loose expanded perlite (Perlite 
Inst. Inc., reported by Armour Research Founda- 
tion in Report No. 6574-D2). 


can be combined in one light-weight slab by choos- 
ing from many light structural forms to support the 
insulating concrete, such as paper-backed wire 
mesh, high ribbed metal lath, formboards supported 
by bulb tees or one of several types of light gage 
metal decks. 

Perlite concrete is also being used as a floor fill 
in multiple story buildings, in insulating concrete 
blocks and tilt-up panels, and as exterior insulating 
walls sprayed as a back-up for metal panel facings. 
It can also be used as nonload bearing fill in 
bridges, tunnels, and other types of construction. 
Loose fill perlite has also gained acceptance as an 
insulating fill for concrete blocks and as a cavity 
wall insulation. 

As the production of expanded perlite has con- 
tinued to increase, there has also been a significant 
increase in its utilization in other fields. Perlite is 
now being used extensively in oil well cementing to 
prevent lost circulation of drilling lubrication fluids 
by bridging openings in the well hole walls. Several 
concerns now manufacture compression- molded 
insulation blocks and pipe coverings composed of 
perlite. 

Foundry applications of perlite include its use in 


loose form as a ladle cover for insulating the sur- 
face of the molten metal when delays in pouring 
occur and as mold insulation for reducing shrinkage 
defects in the resultant casting. 

Perlite has found a growing acceptance in indus- 
trial filtration. Because of its low specific gravity, 
perlite has advantages as a raw material for the 
manufacture of filter aids. Special milling and ex- 
tremely close particle size control in the micron 
range are essential in the production of perlite 
filter aids, which are now being used to filter vari- 
ous food products, beverages, chemicals, resins, 
pharmaceuticals, and many other liquids. 

Horticulturally, perlite has proven to be an ideal 
growing medium and successful soil conditioner, 
providing plant life with its two basic demands of 
air and moisture. It is also being used as a packing 
material for shipping nursery stock to the consumer 
market. Relative to this field, perlite is being used 
as a carrier for herbicides and insecticides. 

Within the past few years perlite powders have 
become widely used in the field of cryogenics, the 
branch of engineering dealing with materials at 
temperatures below —150°C. Perlite has proven to 
be a most effective insulator at these low tempera- 
tures and is now used extensively for insulating 
tanks containing liquid gases such as oxygen and 
hydrogen. 

Increasing quantities of expanded perlite are also 
finding use in a wide variety of other industrial 
applications as fillers, extenders, and carriers. 


OUTLOOK 


The list of possible uses for perlite seems to be 
unlimited at this time. Imagination and development 
by perlite producers and potential consumers may 
open new markets that have not yet been considered. 
Continuing improvements in processing techniques 
now permit the perlite producer to supply an array 
of finished products which can be produced to meet 
the requirements of these new fields. More than a 
hundred deposits of perlite have been discovered, 
and while no exact estimate of reserves is available, 
the several million tons of usable perlite presently 
available are adequate for any future requirements. 
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COST OF CONVERTED WATER 


A need for new supplies of fresh water exists today and in many specific 
aveas that need is urgent. One solution lies in saline water conversion, a 
problem complicated by cost factors. The principles involved in saline 

water conversion, the status of development, and the estimated costs (present 
and future) of several processes are presented. Among the methods discussed 
are distillation, electrodialysis, and freezing. In general, the costs presented 
are based ona standardized procedure for estimating conversion costs, per- 
mitting a valid comparison among the various processes. 


he need for new Supplies of fresh water and the 
| ores benefits to be derived from an abundant 
supply of converted water are recognized by prac- 
tically everyone concerned with water problems. The 
water Supply problem exists today; it is urgent in 
many specific areas in this country and also in the 
world, and it will become more acute in the future. 
One answer to the growing problem of adequate 
water supplies is the development of new sources. 
Very Significant quantities of brackish underground 
and surface waters exist in certain areas and an in- 
exhaustible supply of ocean water is available. Thus 
in many areas water resources can be extended 
through saline water conversion. 

Congress recognized the need for new sources of 
fresh water in 1952 and passed the Saline Water Act, 
Public Law 448, amended it in 1955, and in Septem- 
ber 1958, enacted Public Law 85-883, calling for the 
construction of at least five demonstration plants. 

The program is administered by the Dept. of In- 
terior through the Office of Saline Water, and its 
primary objective is to reduce the cost of converted 
water produced, whether it be by development of new 
processes or improvement of known processes. This 
is a most difficult problem and one that will require 
several years of prodigious effort. It is difficult—not 
because of any intricate or new chemistry, engineer- 
ing, or physics involved—but because of the difficulty 
in converting water at low cost. 

Whatever the sources of the saline water, the salts 
which are held tenaciously in solution must be re- 
moved before the water becomes Suitable for in- 
dustrial or domestic uses. Saline water is a rela- 
tively simple system of salts dissolved in water. It 
has certain chemical and physical properties that 
determine the various methods by which the salts 
may be separated from the water. The system, al- 
though not complex, in most instances, has had 
countless years in which to reach equilibrium and 
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is, therefore, comparatively stable. Because of its 
stability, separation of saline solutions requires 
relatively large quantities of energy. 

The unique properties of water depend on the fact 
that its molecules are chemically active. The chem- 
ical and physical properties of water are associated 
with the type of bonding involved in the water mole- 
cule. Chemical changes such as hydrolysis, or rust- 
ing of iron, involve the breaking of chemical bonds 
between the hydrogen and oxygen atoms. Physical 
changes, such as evaporation in a boiler, the melting 
of ice, or the viscous resistance to flow in a pipe, 
involve breaking of the hydrogen bonds. (The hydro- 
gen nucleus is so small that it can attract two 
negative atoms.) Thus water molecules not only 
combine with molecules of other compounds but 
even with owe another; e.g., each molecule may be 
bounded to four other molecules. 

Water molecules cling to the ions of dissolved 
salt to form water-encumbered hydrated ions and 
they cling to one another to form entangling net- 
works through which hydrated ions can be propelled 
only by tearing the networks apart. That is one 
reason why considerable energy still needs to be 
expended in our simplest procedures for purifying 
water. If water molecules did not have this habit of 
clinging so tenaciously to other molecules, and to 
one another, it would be easy to push salt ions past 
the water molecule and get a separation. But the 
water would not then dissolve salt, so the problem 
would not exist.’ 

Water when heated evaporates very slowly, rela- 
tive to other liquids having simple molecules. Va- 
porization involves the separation of molecules from 
the liquid, and this means overcoming the attraction 
between molecules which is due to the hydrogen 
bonding. The heat of vaporization for water is high; 
consequently, the boiling point of water is also high. 
Water boils at 100°C; hydrogen sulfide (H>S) at 
-60°C; oxygen (Oz) at -183°C; nitrogen (Nz) at 
- 196°C; and methane (CH.) at -161°C, even though 
the latter has about the same molecular weight as 
water. Because of these peculiar properties of wa- 
ter, it exists as a liquid on earth instead of a gas 
such as hydrogen sulfide or nitrogen and oxygen. 
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Fig. 1—Single and multiple-effect distillation. 
CONVERSION PROCESSES 


At the inception of the Saline Water Conversion 
Program in 1952, consideration was given to all ex- 
isting and potential processes or phenomena that 
might conceivably be used in converting saline 
water to potable water. Subsequent investigations 
have reduced the number of potentially feasible 
processes to the point where they may be conven- 
iently classified into four fields, namely distillation, 
processes utilizing membranes, freezing, and 
others, including chemical, electrical, and biological 
processes, 

Distillation: Simple distillation of saline water has 
long been practiced as a means of converting salt 
water to potable water. Fundamentally, the saline 
water is evaporated in a closed vessel by applica- 
tion of heat and the water vapor is condensed by 
passing it over tubes or coils through which cooling 
water is circulated. Thus the bulk of the heat needed 
for evaporation is carried away by the condensing 
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water and the balance by the blowdown (Fig. 1). Such 
a process takes approximately 1000 times the 
amount of energy calculated as the theoretical 
minimum thermodynamic requirement; in other 
words, approximately 2800 kw-hr of energy, in the 
form of heat, per 1000 gal of water. There are, of 
course, more efficient processes than simple, 
Single-effect distillation. 

Multiple-Effect Distillation— This is one method of 
achieving a more efficient conversion process. In 
this system, evaporation of saline water occurs ina 
series of evaporators, or effects, in which pressures 
and boiling points are progressively lower. The la- 
tent heat of evaporation released by the condensation 
of the evaporated water in each effect is used to 
evaporate additional water, Fig. 1. 

In a typical flash-type multi-stage plant the saline 
water is heated to a temperature above the boiling 
point corresponding to the pressure in the first 
effect. It boils or flashes into vapor upon entering 
the first effect and each time its pressure is reduced 
in successive effects. The saline feed water passes 
through condensing sections in each of the effects, 
being used to condense the vapor while being itself 
progressively raised in temperature (Fig. 2). 

In a multiple-effect long-tube vertical evaporator 
system heat is applied to the first or highest pres- 
sure effect, its vapor providing the heat for and be- 
ing condensed in the second effect, which in turn 
supplies vapor to the third, this cycle repeating 
through the several effects. Thus, only the vapor 
from the last or lowest pressure effect need be 
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separately condensed. This results in a substantial 
reduction in the proportion of heat carried away by 
the condensing water with consequent improvement 
in overall thermal performance, Fig. 3. 

A 12-effect distillation cycle utilizing long-tube 
vertical evaporators has been proposed as a possible 
economic means of converting sea water. W. L. 
Badger Assocs., under contract to the Office of 
Saline Water, has been developing this process over 
the past several years. The success of this process 
depends in large measure upon the possibility that it 
can be operated scale-free and can be fabricated 
from low-cost construction materials. In order to 
verify these possibilities one long-tube vertical 
evaporator containing seven tubes, each of different 
composition, plus two forced-circulation evapora- 
tors for preparing waters of different concentra- 
tion, have been erected at the International Nickel 
Co.’s experimental station at Harbor Island, N.C.., 
Fig. 4. That equipment is commercially available 
and the LTV evaporator possesses tubes 24 ft in 
length. With this arrangement, conditions that will 
be obtained in each of the 12 effects can be simu- 
lated. The operation of this pilot plant unit, there- 
fore, must be viewed as a Scale test, heat transfer, 
and corrosion study. 

To date the unit has been operated over 1500 hr 
with excellent results. Magnesium scale has been 
controlled when operating at 250°F and a blowdown 
ratio of 4:1 has been achieved. (Customarily, ap- 
proximately 50 pct of the water is evaporated in 
distillation units, whereas in this test unit about 
75 pet of the water is evaporated.) 

From the limited data obtained on corrosion it 
appears that the corrosion rate in the mild steel 
tubes is sufficiently slow to indicate that adequate 
life of tubes can be anticipated, although this re- 
mains to be verified. 

The elimination of scale, therefore, has been 
achieved by the circulation of magnesium hydroxide 
slurry and by keeping the concentrations below the 
saturation curve for sulfate scale formation. This 
is accomplished by having a forward brine flow 
whereby the temperature of the brine decreases as 
the concentration increases. 

Vapor Compression Distillation— This is another 
and effective means of achieving high thermal effi- 
ciency. Atypical unit of this type comprises a single- 
effect evaporation, the vapor being compressed and 
returned to the evaporator where it provides the 
heat for evaporating more Saline water and is itself 
condensed. The principle involved is that of the heat 
pump, the latent heat of evaporation being recycled. 

Under sponsorship of the Office of Saline Water 
an entirely new vapor compression system was in- 
vented by K. C. D. Hickman, and has been developed 
up to the fabrication of a 25,000-gpd unit. The salient 
development in this process consists of a rotating 
drum for increasing the rate of heat transfer to the 
water. In operation salt water, at temperatures of 
125° to 135°F, is sprayed on the inside surface of the 
rotating drum and the centrifugal force spreads the 
water over this surface as a very thin, turbulent 
film. Some of the water evaporates and the unevap- 
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installation. 


orated brine is constantly drained off through a 
scoop. The water vapor leaves the drum via a pipe 
where a blower compresses it, raising its tempera- 
ture Slightly. The warmed vapor then circulates to 
the outside surface of the drum where it condenses 
and gives up its latent heat of evaporation. The 
drum shell transmits this heat to the film of water 
on the inside surface speeding evaporation. The 
condensed vapor is collected as distilled water 
(Fig. 5). 

In an ordinary vapor compression distillation unit 
the U factor is around 500; that is, the heat transfer 
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Fig. 5—Schematic diagram of single rotary still. 
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Fig. 6—Schematic diagram of electrodialysis unit. 


coefficient is around 500 Btu per hr per sq ft per 
degree Fahrenheit. In the Hickman rotor unit (de- 
sign capacity 25,000 gpd), the heat transfer coeffi- 
cient has been increased to approximately 3500. On 
some small experimental units in the laborator, 
values as high as 5000 to 6000 or more have been 
obtained. The 25,000-gpd unit has been tested in the 
shop and has undergone limited tests on live sea 
water at Harbor Island, N.C. Further work on that 
unit has been postponed until additional data are 
obtained from the research and development work 
being performed on single and multiple- rotor labo- 
ratory units by Battelle Memorial Inst. 

Processes Utilizing Membranes: In general, proc- 
esses utilizing membranes differ in principle from 
distillation or freezing processes. The majority of 
the membrane processes are designed to remove the 
salts from the solution rather than to remove the 
water and no change of phase occurs. The mem- 
branes constitute a type of barrier utilized to 
screen out the salts or screen out the water. The 
technical feasibility of several of these membrane 
processes has been demonstrated and at least one 
appears to be economically feasible when applied to 
brackish waters and under certain conditions. The 
membranes utilized in these processes can be di- 
vided into two groups. One is an ion-permeable type 
and the other is an ion-restraining type. With the 
exception of reverse osmosis, all membrane proc- 
esses utilize the ion-permeable type of membrane. 
There are four processes in this classification, 
consisting of electrodialysis, osmionisis, reverse 
osmosis, and transport depletion. Of these, only 
one—electrodialysis—has been advanced to the point 
where reliable data are available for cost estimating 
purposes. 

An electrodialysis cell consists of a sandwich of 
alternating cation-permeable and anion-permeable 
membranes to which an electric current is applied 
to cause separation of the ions. When the current is 
applied, the cations, or positive ions, pass through 
the one membrane and the anions, or negative ions, 
pass through the other. Thus, alternating compart- 
ments are depleted of salt while the intervening 
compartments become enriched with salt (Fig. 6). 
Freezing: Theoretically, a single freezing should 
produce potable water from sea water. However, ice 
frozen from saline solution occludes or entraps 


brine between the interstices of the ice crystallites 
and some brine is also adsorbed on their surfaces. 
Thus one of the major problems that had to be solved 
before this process could be considered feasible was 
the development of satisfactory methods of separat- 
ing the ice crystals from the mother liquor. Re- 
search sponsored by the Office of Saline Water and 
by others has shown that several separation pro- 
cedures are technically feasible and at this time at 
least one is economically feasible. 

Essentially, the freezing process has certain ad- 
vantages over evaporation processes. The tendency 
towards scaling and corrosion is reduced with freez- 
ing methods because of the lower temperatures in- 
volved, and the potential economy is greater due to 
the lower value of the heat of fusion as compared to 
the heat of vaporization. In order to produce a pound 
of steam from boiling sea water, approximately 1000 
Btu are required, whereas to produce 1 lb of ice 
from sea water at its freezing point, approximately 
150 Btu must be removed. 

Several freeze separation processes have been 
investigated in detail by the Office of Saline Water 
and may be classified as follows: 

Indirect Freezing— This process involves use of 
an intervening heat transfer surface: 1) commercial 
freezing equipment, such as icemaking equipment; 
or 2) zone freezing, which is somewhat similar to 
zone melting in principle. 

Direct Freezing—A process in which there is no 
intervening heat transfer surface: 1) flash evapora- 
tion, where water is the primary refrigerant, i.e., 
the evaporation of water vapor is utilized for freez- 
ing; or 2) flash evaporation, where an immiscible 
hydrocarbon such as butane is a secondary refrig- 
erant, i.e., the evaporation of the hydrocarbon in 
direct contact with the water causes some of the 
water to freeze. 

In the flash evaporation direct freeze process, 
where water is the primary refrigerant, precooled 
sea water flows into an evacuated chamber. If the 
chamber pressure is below the saturation pressure 
at the freezing point, the sea water flashes or boils. 
The heat of vaporization removed converts part of 
the water to ice. Low pressure (around 3.1 mm Hg) 
is maintained in the chamber by continuously re- 
moving the water vapor and dissolved air. The 
lower the chamber pressure, the greater is the 
quantity of ice formed. 

Sea water freezes at about 28.5°F and if half of the 
water is removed, its content of salt is increased 
from 3.5 to 7.0 pct. The temperature of 7 pct sea 
water in contact with ice is approximately 25°F. In 
the direct freezer, part of the water removed is 
vapor and part is ice, and the ratio is about 1 lb of 
vapor to 7 lb of ice.” 

In the direct-freeze evaporation process where 
water is the primary refrigerant, two cycles are 
under investigation, differing primarily in the man- 
ner of handling the water vapor. In one the vapor 
formed is compressed to a higher pressure (from 
about 3.3 mm Hg to 5.5) and is then discharged over 
the product ice where it condenses and melts the 
ice. Some auxiliary refrigeration is required to 
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condense some of the vapor, since the total heat 
content of the vapor is greater than the total cooling 
capacity of the product ice, Fig. ne 

In the other cycle the water vapor is condensed 
and absorbed in a concentrated absorber. That 
water is recovered and becomes part of the potable 
water yield. Supplementary refrigeration is also 
required. 

Flash evaporation using an immiscible secondary 
refrigerant is very similar to the above process. 
The saline water is precooled and then partially 
frozen in a freezer by boiling a secondary refrig- 
erant. 


COST CONSIDERATIONS 


As previously indicated, the primary objective of 
the Office of Saline Water is the development of low- 
cost conversion processes. Aside from this main 
objective, it should be emphasized that the determi- 
nation of the true cost of producing converted water 
is in itself most difficult of estimation and consid- 
erable disagreement on estimated costs for similar 
processes can be found in the literature. 

The cost of water as used in this paper refers to 
the total charges assignable to the entire conversion 
process. Other terms are found in the literature, 
such as the value of the water, which relates to the 
estimate an individual may place upon it as com- 
pared with other things, i.e., its intrinsic worth to 
the consumer, and the price paid for water, which 
generally is dependent on the scheme uSed for fi- 
nancing the system. 

A special problem arises in comparisons between 
the cost of converted water and the cost of diverting 
and supplying naturally fresh water. Many estimates 
of the cost of supplying fresh water, particularly for 
large irrigation projects, include modifying assump- 
tions that operate to reduce the actual over-all 
costs. It is evident that in any comparisons between 
the cost of converted water and that from such proj- 
ects, care must be taken to use only real total 
costs. 

The elements of cost utilized in this paper may be 
considered under three general categories: capital 
costs, operating and maintenance costs, and fuel or 
power costs. 

Energy Requirements: To demineralize saline solu- 
tions requires energy, and calculations have been 
made to provide a first approximation of that energy 
requirement and to illustrate the fact that the ther- 
modynamic minimum work done is the same re- 
gardless of the method.’ When sea water of average 
saltiness is evaporated at any temperature, the 
pressure that the vapor exerts is always a trifle 
less than it must be to be able to recondense to 
liquid at that temperature. Thus the water must not 
only evaporate but the vapor must be cooled or 
slightly compressed. Recondensation then takes 
place, heat is recovered, and the only cost for 
energy is the energy spent in the compression of 
the vapor. The latter is the energy required to 
separate water molecules from the ions in solution. 

For sea water this energy amounts to 2.8 kw-hr 


188 


ICE -BRINE 
SEPARATER 
FREEZER 


REFRIGERATION 
COMPRESSOR 


FRESH WATER OUT 
— 


WATER BRINE OUT 


SEA WATER IN 


Fig. 7—Diagram of a freeze-evaporation process. 


per 1000 gal of product water. Somewhat less energy 
would be required for conversion of less saline 
waters. This is the minimum energy required for 
an infinitely slow operation and with no losses or in- 
efficiencies of any kind. Every real or practical 
process will require more than the minimum figure 
and it appears that about four times this thermody- 
namic minimum is the best that one could hope to 
attain. Although still theoretically possible, it is 
unrealistic to believe that methods currently under 
investigation or yet to be devised can operate with a 
lower practical minimum.* Thus the energy require- 
ment alone for any feasible conversion process will 
not be less than 12 kw-hr per 1000 gal. Using power 
at 5 mills, the energy cost becomes 6¢ per 1000 gal. 
Investment and operation costs each may well equal 
the energy costs. Thus it would appear that the 
minimum cost possible for conversion of sea water 
by any practicable process would be in the range of 
20¢ to 25¢ per 1000 gal. 

An independent investigator arrived at a minimum 
cost of 50¢ per 1000 gal in the following manner: 
present sea water conversion processes are about 
3 to 5 pet efficient and if that efficiency could be in- 
creased to 20 pct, 14 kw-hr per 1000 gal would be 
required for separation only. At 7 mills per kw-hr, 
this would be about 10¢. If the conversion process 
itself was assumed to be as simple as pumping 
water out of a lake and filtering, this might require 
an additional expenditure of about 20¢ per 1000 gal. 
If another 20¢ per 1000 gal is assumed for pumping 
and handling costs, a total cost of around 50¢ per 
1000 gal* is obtained. 

Procedure for Estimating Costs: Early in the Saline 
Water Conversion Program it was almost impossible 
to make any reliable cost comparisons between proc- 
esses. This was due primarily to the extreme vari- 
ations in methods of estimating costs used by each 
individual investigator. Thus, it was apparent that 

a Standard cost-estimating procedure had to be es- 
tablished in order to place all estimates on a com- 
parable basis. Such a standardized procedure was 
prepared and published in 1956 and permits a fairly 
reliable estimation of conversion costs under the 
assumed conditions.° 
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The cost estimates made by this procedure, how- 
ever, are first approximations only. They are based 
on selected costs for investment, fuel and power, and 
approximations for labor, supervision, maintenance 
and other items. 

The cost calculations are made in two categories: 
1) capital costs (total plant investment and working 
capital), including such items as principal items of 
equipment (both standard and special items), erec- 
tion of the plant and instrumentation, product water 
storage, service facilities, etc.; and 2) operating 
costs (all costs chargeable to the actual water pro- 
duction), including raw materials, fuel, power, 
steam, labor, and maintenance. Specifically, a few 
of the values assigned are: fuel at 25¢ per 1 million 
Btu, electric power at 5 or 7 mills per kw-hr, steam 
at 55¢ per 1000 lb, amortization based on 20-year 
life, interest at 4 pct, etc. 

Cost estimates calculated by means of this pro- 
cedure are believed to be reasonably conservative 
and certainly it permits a valid comparison between 
various processes. Reliability of any cost estimate 
is directly proportional to the state of development 
of that process. When the estimates are based on 
fairly well developed processes with all the detailed 
engineering data available, they are much more re- 
liable than for a new process for which only limited 
data can be secured from laboratory or small pilot 
plant experiments. 

Cost Estimates for Distillation: In 1951 the cost of 
converting sea water to fresh water by means of 
compression distillation with relatively small units 
was estimated around $5 per 1000 gal. Other esti- 
mates ranged from $3.80 per 1000 gal for multiple- 
effect evaporation to $2.05 for vapor compression 
distillation and $1.63 for.a combined vapor-com- 
pression and multiple-effect evaporation plant.® 

At the present time approximately 20 million gpd 
of fresh water are distilled from sea water. Those 
installations are scattered throughout the world and 


located in such places as Morro Bay, Calif., Kuwait 
(Persian Gulf); Aruba (Caribbean); Bermuda, Ba- 
hamas; Arabia; etc. Available information on those 
facilities indicates that the cost of conversion ranges 
from about $1.85 to $2.25 per 1000 gal. The four- 
stage flash plant at Kuwait produced fresh water at 

a cost of $1.87 per 1000 gal.’ 

Based on the standard procedure, comparative 
estimates of the total cost of demineralizing saline 
water on a large scale by multiple-effect distilla- 
tion plants and vapor compression distillation 
plants were made in 1955.° Leading manufacturers 
of such equipment were contacted and submitted in- 
formation on the cost and operation of plants actually 
in operation and on larger units for which significant 
figures on expected performance and cost were 
available. The annual production was computed on 
the specified basis of 330 stream days per year and 
the unit cost, per 1000 gal of product water, was 
calculated by dividing the total annual operating cost 
by the annual production in thousands of gallons. In 
the preparation of the estimates for multiple-effect 
distillation, consideration was given primarily to 
flash-type equipment because of its economic advan- 
tage over the submerged-tube type in large-scale 
plants. 

The data in Table I show the installed cost, or 
plant investment per gallon per day of capacity, and 
the unit cost per 1000 gal of fresh water. The unit 
operating cost has in turn been broken down into 
four components: 1) fuel; 2) materials; 3) labor and 
overhead; and 4) amortization, interest and insur- 
ance. It is noted that the installed cost ranges from 
$5 per gpd of capacity for the 5-effect 50,000 gpd 
plant to around $2.76 for the 12-effect 9,600,000 gpd 
two-unit plant. The corresponding cost per 1000 gal 
of water ranges from $4.90 to $1.80. 

The large capacities in which multiple-effect flash 
units can be fabricated enable increase in overall 
plant capacity with little or no change in the staff for 


Table I. Distillation—Summary of Estimated Costs, 1955 


Operating Costs per 1000 Gal Product 


Amortization, 


Installed Fuel, Interest on 
Cost per Gpd Power, Materials, Labor, Working Capital, 
Process and Capacity Capacity, $ Steam, $ Supplies, $ Overhead, $ Insurance, $ Total, $ 
Multiple-Effect Flash Distillations 
(A) 5-effect, 50,000 gpd 5.01 1.57 0.076 1.81 1.41 4.90 
(B) 5-effect, 500,000 gpd, gunite- 
lined steel construction 222, 1355 0.033 0.45 0.63 2.70 
C) 5-effect, 500,000 gpd, cupro- 
oa nickel construction 3.03 155 0.046 0.45 0.85 2.90 
(D) 9-effect, 1,000,000 gpd PETE 0.99 0.042 0.23 0.78 2.03 
~ 9,600,000 gpd, 
2.76 0.97 0.042 0.02 0.77 1.80 
Vapor Compression Distillation 
(F) 50,000 gpd 3.38 0.19 0.080 1.81 0.95 3.03 
(F) 10,000,000 gpd, 200 units 3:21 0.19 0.078 0.38 0.89 1.54 
Combined Multiple-Effect and 
Vapor Compression Distillation 
3.05 0.38 0.065 0.26 0.85 1.55 


(H) 10,000,000 gpd 
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Table II. Comparison of Capital Costs 


Table III. Comparison of Operating Costs, 1959 (per Stream Day) 


12-Effect LTV Multiple-Stage 


Evaporator, $ Flash Evaporator, $ 
1-4) Total essential plant 
costs 570,000* 903,000 
Other Plant Costs 
**5) Raw water supply 50,000 50,000 
**6) Product storage, $10 per 
1000 gpd 10,000 10,000 
**7) Service facilities 50,000 50,000 
8) Contingencies, 10 pct 
of 1-7 68,000 101,000 
9) Engineering, 10 pct of 1-8 75 ,000 111,000 
10) Interest during construc- 
tion, 4 pct of 1-9 33,000 49,000 
11) Site, $3 per 1000 gpd 3,000 3,000 
Total plant investment 859,000 1,277,000 
Working capital, 60 days 56,000 71,000 
Total capital costs 915,000 1,348,000 


*LTV evaporator costs are based on steel tubes, whereas flash 
evaporator costs are based on aluminum brass tubes in Muntz metal 
tube sheets. 

**These items are assumed to be the same for either case. 


operation and maintenance. Thus in the calculations 
for 1 through 4, the same charge for operation and 
maintenance was utilized. The labor and overhead 
consequently ranges downward from $0.45 to $0.02 
per 1000 gal as the capacity increases. A smaller 
operating staff was considered for the 50,000 gpd 
unit. However, because of its relatively small 
capacity, it has a much higher proportionate cost 
($1.81) for labor and overhead (Table I). 

A large proportion of the cost of power and steam 
is represented by the cost of the steam. All esti- 
mates were based on steam costing $0.55 per 1000 
lb, which is consistent with the use of live steam, 
that is steam generated for the purpose and not 
otherwise used. In lieu of using live steam, the 
steam might be obtained from a steam turbine gen- 
erator. Consequently, the distillation plant might 
be charged only with the cost of power which could 
have been generated by the extracted steam. The 
amount of energy involved is on the order of 35 kw- 
hr per 1000 lb of steam extracted. If evaluated at 
4 mills per kw-hr, it would amount to $0.14 per 1000 
lb of extracted steam. This change in the cost of 
steam would result in a reduction in operating cost 
of approximately $1 per 1000 gal for the smallest 
multi-flash plant (A, Table I) and $0.65 for the 
largest (E). In other words, the total cost of product 
from the 9,600,000 gpd plant would be of the order 
of $1.15 instead of $1.80 per 1000 gal of water. 

Conversely, a steam turbine generator might be 
used in combination with the multi-flash plant and 
the distillation unit credited with the value of the by- 
product power generated. Resultant cost reductions 
are not materially different from the illustration 
cited previously. 

The operating costs for the vapor compression 
units (Table I) range from $3 to $1.54 and that of the 
combined multiple-effect and vapor compression 
units is approximately $1.55. The latter plant con- 
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12-Effect 
LTV 


Evaporator, $ 


16-Stage 
Flash 


Evaporator, $ 


Essential Operating Costs 


1) Fuel 
2) Electric power at $0.007 per kw-hr 34 101 
3) Steam at $0.55 per 1000 1b 480 493 
4) Raw materials - 30 
5) Supplies and maintenance materials, 
0.0015 pct of TPI for flash, 
0.0027 pct of TPI for LTV 23 19 
6) Operating labor, 48 man-hr @ $2 96 96 
7) Maintenance labor, 
0.0015 pct of TPI for flash, 
0.0027 pct of TPI for LTV 23 19 
8) Payroll extras, 15 pct of 6 and 7 16 17, 
Total essential operating costs 672 775 
Other Operating Costs 
9) General overhead, 30 pct of 6,7, 8 38 40 
10) Amortization, 0.0224 pct of TPI 192 286 
11) Taxes and insurance, 
0.006 pct of TPI 51 76 
12) Interest on working capital, 
0.00725 pct of 1-11 7 8 
Total operating costs per stream day 960 1,185 
Cost per 1000 gal of product water 0.960 1.185 


sisted of 136 50-thousand gpd vapor compression 
units and a 3,200,000 gpd multi-flash unit. 

It is apparent from those results that if distilla- 
tion costs are to be further reduced ways must be 
found to reduce 1) the capital costs; 2) labor costs, 
through the use of large capacity units operable by 
a minimum staff; and 3) energy cost by improve- 
ment in efficiency. 

Early in 1959 sufficient experimental results had 
been obtained on the LTV evaporator to permit a 
fairly reliable cost estimate to be made and to es- 
tablish it on Mar. 2, 1959, as the first process to be 
announced for sea water conversion under the 
demonstration program. For comparative pur- 
poses, costs for a 16-stage flash evaporator were 
also calculated and the results are presented in 
Tables II and III. LTV evaporator costs were based 
on all-steel construction, whereas the flash evap- 
orator costs were based on aluminum brass tubes 
in Muntz metal tube sheets. Because of this differ- 
ence in materials of construction, it was assumed 
that the cost items for supplies and maintenance 
materials and maintenance labor would be higher 
for the LTV system. Consequently, higher estimated 
figures for those items were utilized. 

The results indicate a cost of about $0.96 for the 
12-effect LTV evaporator unit and $1.19 for the 16- 
stage flash unit, both of 1 million gpd capacity. 

Improvements that have been made recently and 
others that may be anticipated for multi-stage flash 
evaporation indicate a reduction in the cost listed in 
Table I. Certain cost items may be reduced by use 
of less expensive materials of construction, by im- 
proved methods of scale control, by concentration of 
brine discharge, increase in operating temperatures 
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Table IV. Cost of Converting Brackish Water by Electrodialysis 


Water Costs per 1000 Gal 


Original 


Operation and Maintenance 


Product Total Initial Plant Membrane 
Water, Ppm Water, Ppm Plant Cost, $ Investment, $ Replacement, $ Power and Other, $ Total, $ Total, $ 
Actual Field Experimental Unit 
(if operating at 25,000 gpd production) 

4,000 250 63,000 0.54 0.47 0.29 0.76 1.30 
2,000 250 59,400 0.50 0.37 0.23 0.60 1.10 
Projected Intermediate Size Plant* 

(operating at 1,500,000 gpd production) 

4,000 500 1,650,000 0.23 0.30 0.27 0.57 0.80 
2,000 500 1,310,000 0.18 0.23 0.19 0.42 0.60 


*Based on multiples of 1955 stack without design changes. Progress in design improvements will lower these costs. Costs slightly higher for 


250 ppm product. 


and increase in number of stages. Taking a few of 
these improvements into consideration, a recalcula- 
tion of the cost shown in Table III reduces the $1.19 
value to $0.95. The second sea water conversion 
plant chosen under the demonstration activity and 
announced on May 14, 1959, was a multi-stage flash 
evaporation process. 

Cost Estimates for Electrodialysis: In 1955 the 
Office of Saline Water completed two field tests with 
an electrodialysis unit capable of demineralizing 
brackish water containing 4000 ppm total dissolved 
solids to 350 ppm at a rate of 1000 gph. In each in- 
stance the product water obtained amounted to about 
two thirds of the total treated. 

Cost estimates were made for the field unit and 
for a larger plant extrapolated from the field unit 
and are given in Table IV. The standard cost es- 
timating procedure was used which included power 
at 7 mills per kw-hr, amortization over a 20-year 
period with interest at 4 pct and an estimated mem- 
brane life of three years. 


Table Y. Estimated Costs of Converting Sea Water 
by Direct Freezing 


Capital Costs, Plant Copacity, Gpd 


15,000 100,000 10,000,000 
Absorption Refrigeration, Single-Effect 
Total capital investment, $ LiS% 216* 12,680* 
Cost per gpd of product, $ 7.70 2.16 1527 
Compression System 
Total capital investment, $ _ 254 18,010 
Cost per gpd of product, $ - 2.54 1.80 


Operating Costs in $ per Stream Dayt 


Absorption Absorption Compression 
Single- Three- Water 
Effect Effect Vapor 
Total essential operating cost 10,158 5,755 3,402 
Other operating cost including 
interest on working capital 13,891 9,765 8,633 
Owing and operating cost 
per 1000 gal 1.39 0.98 0.86 


*Thousands of dollars. 
+tCapacity: 10 million gpd. 


It is noted that the plant investment and membrane 
replacement costs represent a high percentage of 
the total water cost. Consequently, reduction of 
equipment cost, membrane cost, amount of water 
rejected in the waste stream, and development of 
improved membranes will materially lower the cost 
of the product water. 

Cost Estimates for Freezing Process: Several of 
the freezing processes have been developed to the 
point where fairly reliable first approximations of 
cost can be made. These are the indirect freezing 
processes, commercial icemaking equipment and 
zone freezing; and the flash evaporation system 
where water is the primary refrigerant and com- 
pression or absorption of the vapor is utilized. Re- 
sults have shown that the cost of potable water ob- 
tained from commercial types of freezers and brine- 
ice separators was around $2.30 per 1000 gal and 
consequently do not appear attractive.° Similarly, 
the cost estimates indicate that the zone freezing 
method, in its present state of development, is not 
economically attractive. 

Cost estimates for the direct freezing process 
were made late in 1958. Those estimates were 
based on the experimental results obtained from a 
400-gpd pilot plant and follow the standardized pro- 
cedure. However, equipment costs for a 15,000-gpd 
pilot plant were obtained and utilized in the cost 
estimates presented in Table V. 


SUMMARY 


The indicated ratios among capital, operation, and 
energy costs for electrodialysis and distillation 
processes are given in Table VI. It is noted that the 
indicated ratio of capital charges to total cost of 
product water varies between 40 and 77 pct. Thus, 
approximately 50 pct of the total cost of the product 
water is due to capital investment. 

The estimated conversion costs for several proc- 
esses and their potential future costs are listed in 
Table VII. These estimates are based on data 
available from actual operating conversion equip- 
ment or pilot plant studies and the anticipated future 
costs were estimated from detailed engineering 
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Table VI. Indicated Ratios Among Capital, Operation, and Energy Costs from Available Current Estimates 
of Selected Existing or Projected Conversion Processes 


Electrodialysis, 
4000 Ppm Water 


Existing Vapor 


W.L. Badger V.C. Low Temperature 


Existing Multiple- Compression and M-E LTV Hickman Rotary Y.C. Difference Flash 
25,000Gpd 1.5MGpd_ Effect Distillation Distillation Distillation Distillation Distillation 
Capital costs, pct 77 66 40 47 43 45 58 
Operation, pct 10 12 10 29 i 23 22 
Energy, pct 13 22 50 24 50 32 20 
Total, pct 100 100 100 100 100 100 100 


analyses of the respective processes after incor- 
poration of certain modifications. The latter might 
include among other items an increase in capacity, 
improved heat transfer rates, use of lower cost 
construction materials, alleviation of scale forma- 
tion, improved membranes, etc. 

It has been shown that in 1950 cost estimates for 
sea water conversion ranged up to $5 per 1000 gal. 
Improved processes and equipment developed during 
the subsequent five years reduced that cost to around 
$2 per 1000 gal. At the present time additional im- 
provements in certain distillation processes and the 
development of a freezing process appear to justify 
a projected cost of about $1 per 1000 gal. Antici- 
pated future conversion costs of less than $1 (40¢ to 
60¢) per 1000 gal for large installations appear to be 
reasonable. 

Improved membranes and better equipment have 
reduced the present cost of demineralizing brackish 
water by electrodialysis to around $1 or less, de- 
pending on the total salt content. Future improve- 
ments may lower that cost. 

Low-cost saline water conversion is a problem 
which to date has not been satisfactorily solved al- 
though excellent progress is being made. New ideas 
and new processes are needed and can be achieved 
only through fundamental research. It is unlikely 
that the conversion processes presently available 
for the demonstration plants are the best that can 
be developed. Further research not only can im- 
prove those processes but holds promise of develop- 
ing entirely new methods which may permit the 
attainment of a major breakthrough. 

While discussing the cost of converted water, 
many of you have probably been doing some mental 


arithmetic comparing the cost of converted water 
with that obtained from natural sources of supply. It 
should be emphasized that the conversion costs 
presented in this paper include all costs—at today’s 
prices (1960). 

Also in making your comparisons, it is important 
to consider the cost of new supplies of fresh water 
rather than the cost of present supplies. Many cities 
have already pre-empted the nearest and most 
readily developed source of fresh water. Present 
facilities were constructed 20, 40, or more years 
ago when a dollar had some real purchasing power. 
Additional sources of supply may be many miles 
from the source of demand, expensive to develop, 
and costly to maintain. As engineers, you know that 
care must be exercised to utilize the same yard- 
stick or cost-estimating procedure for any com- 
parison. On that basis, it is believed, fresh water 
from the sea may be much closer to being econom- 
ically competitive with water obtained from normal 
sources of supply than most people realize. For 
some areas of the world it is already the most eco- 
nomical of the two, and as conversion costs come 
down, more and more cities and communities will 
satisfactorily solve their water problems by tapping 
this vast, inexhaustible new source of supply. 


DISCUSSION 


Harvey O. Banks (Director, Dept. of Water Re- 
sources, State of California, Sacramento, Calif.) — 
Dr. Gillam is to be commended for his efforts in 
preparing up-to-date comparative cost estimates of 
the major salt-water conversion processes. Next to 
the techniques themselves, there is no aspect of con- 


Table VII. Summary of Estimated Conversion Costs for Different Processes per 1000 Gal 


Process 1950 1955 1960 1965 
Sea Water 
Multiple-effect flash distillation, $ 3 to 4 1.80 to 2.50 1.18 < 1.00 (40¢ to 60¢) 
Vapor compression distillation, $ 3 to 5 1.54 to 3 175 1.00 
Long-tube vertical multiple-effect evaporation, $ - - 1.00 < 1.00 (40¢ to 60¢) 
Direct freeze-flash evaporation, $ 1.00+ < 1.00 (40¢ to 60¢) 
Solar distillation, $ — 3 to 4 2 to 3 1.50 to 2.50 
Brackish Water 

Electrodialysis 

TDS, 4000 ppm, $ - 1.30 1.00 0.50 

TDS, 2000 ppm, $ - 1.10 0.60 0.30 
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version more important to workers in this field—or 
of more immediate concern to engineers and public 
officials responsible for water supply—than costs. 
Many false hopes have been aroused in the past by 
public announcements of exceptionally low cost pre- 
dictions based upon little more than an unproved 
idea or a laboratory experiment. Such claims often 
do real harm by arousing public prejudice against 
the development of needed water supply projects 
designed for conservation and distribution of natural 
fresh water. While encouraging progress has been 
made in the last few years, there is little in the con- 
version picture today that in any way justifies de- 


ferment of necessary water development projects in 
most parts of the United States, because of fears 


that they might soon become obsolete. Dr. Gillam’s 
projected cost data bears out this conclusion. It is 

highly doubtful that the cost of converted sea water 
will ever be low enough to provide water for irriga- 
tion in most of California. 

There are other benefits which accrue from the 
development of natural fresh water resources which 
must not be overlooked in considering saline-water 
conversion as a source of water supply: the pro- 
vision of flood control, development of the energy 
potential of falling water, pollution abatement, en- 
hancement of fish and wildlife resources, provision 
of recreational opportunities, navigation, silt con- 
trol, and the like. In the broad economic and social 
scheme of things, these benefits may be of equal 
importance with water supply. 

It is noted that Dr. Gillam wisely confines his 
estimates to those processes—distillation, electro- 
dialysis, and freezing—on which some experience 
has been gained. The first two, for instance, have 
received fairly extensive practical application, 
while in the case of freezing some pilot plant experi- 
ence at least has been obtained. It would seem, how- 
ever, that a considerable amount of caution should 
be used in accepting the freezing-method costs 
until some operating experience with a fairly 
sizeable plant has been obtained. The 16,000-gpd 
pilot plant built by the Carrier Corp. should help 
fill this gap. Likewise, the operation of the five 
plants called for under the Office of Saline Water 
demonstration plant program should go far toward 
establishing reliable costs of efficiently designed 
plants of various processes, built and operated in 
accordance with U.S. practices. Cost estimators 
in the past have been handicapped in trying to 
translate cost factors applicable to a plant in Arabia, 
say, to asimilar plant built and operated in the U.S. 

Of particular value in the paper are the tabulations 
listing the proportions of the various components of 
cost. While these to a large extent do not have the 
support of significant operating plant experience, 
they do serve to point out areas where cost-cutting 
efforts might prove the most fruitful. In the low- 
temperature-difference flash distillation plant, for 
example, it is noted that capital costs represent 
nearly 60 pct of the total production cost. In this 
plant, therefore, the use of cheaper materials of 
construction, or simpler design, even at the sacri- 
fice of some efficiency, might pay substantial divi- 


dends. On the other hand, in the multiple-effect 
process, energy represents half the product cost, 
with capital costs being only 40 pct. Here emphasis 
might be placed primarily on more efficient use of 
heat, though the difference between capital and en- 
ergy costs are not so marked as in the low-tempera- 
ture-difference plant. 

The summary of comparative costs presented in 
Table VII is interesting. It is noted that a bit more 
conservatism is in evidence as compared to the 
estimates presented by the Secretary of the Interior 
at the 1958 Senate Hearings on saline-water con- 
version. Even so, one might question the validity of 
the 1960 and 1965 freezing and solar distillation es- 
timates, since so little actual plant experience is 
available to support them. Nevertheless, they serve 
a useful purpose in representing a measure of the 
potential economic merit of these processes in the 
light of today’s knowledge. 

The minimum energy concept, as referred to in 
Dr. Gillam’s paper, is considered important in any 
treatment of salt-water conversion, primarily be- 
cause minimum energy constitutes the one common 
denominator applicable to any process now or in the 
future. It is interesting to compare the value of the 
minimum practical energy requirement of about 12 
kw-hr per 1000 gal as defined in the paper, with 
the energy required to deliver water overland by 
means of the large water development project which 
the State of California now has under way. Under the 
San Joaquin Valley-Southern California aqueduct 
system which is part of what has been familiarly 
known in the past as the Feather River project, the 
plans provide for delivery of water from the Sacra- 
mento-San Joaquin River Delta, just northeast of San 
Francisco, to Los Angeles and Riverside Counties, 
some 400 miles to the south. The water will be 
lifted by a series of pumping plants to an elevation 
of about 3400 ft to cross the Tehachapi Mountains, 
then will drop into the valley to reservoirs at eleva- 
tions of about 1400 ft. The energy required for this 
task with no allowance for power recovery from the 
descending flow is about 14 kw-hr per 1000 gal. The 
power recovery plants will reduce the net energy 
requirements substantially. For comparison, if this 
same reservoir were supplied from a conversion plant 
capable of achieving the best assumed practical ef- 
ficiency mentioned above, and located at the coast 
some 30 miles away, about 17 kw-hr per 1000 gal 
would be needed. This example is cited to indicate 
the relatively large amount of energy required to 
convert sea water under the best conditions, as 
compared to that for transporting water. It may be 
mentioned that the total estimated cost of delivering 
this water from the Delta to southern California 
averages about 16¢ per 1000 gal at present price 
levels, exclusive of final treatment costs. 

While this comparison tends to support the pru- 
dence and economy of proceeding now with the de- 
velopment of natural fresh water resources to the 
fullest extent before resorting to large scale con- 
version, an aggressive program of research and 
development in conversion as is being carried on by 
the Office of Saline Water and the University of 
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California is essential. The California Dept. of 
Water Resources has cooperative agreements for 
mutual assistance and exchange of information on 
techniques and economics of conversion with both 
these agencies. Furthermore, the State of Cali- 
fornia is particularly fortunate in that one of the five 
federal demonstration conversion plants will be 
built on our shore, and in fact are contributing 
$1,500,000 toward the plant. Of far-reaching sig- 
nificance is the decision of the Atomic Energy Com- 
mission to build a low pressure steam-nuclear 
reactor plant in conjunction with this demonstration 
sea-water conversion plant to provide steam for the 
distillation process. Since energy costs have an im- 
portant bearing on total conversion costs, the devel- 
opment of low-cost energy sources is of equal im- 
portance to the conversion process itself. It seems 
assured that atomic energy will become a major 
future source of energy for the world’s needs and 
hence should be considered and developed as an 
energy source for conversion, particularly in those 
processes requiring heat. 

Dr. Gillam’s point that care should be taken in 
appraising today’s water costs, since water rates 
frequently do not reflect total costs, is a good one, 
although it is believed we should shy away from 
tampering with true converted water costs by using 
this strategem. Also, his remark that costs of new 
supplies of fresh water are more appropriate for 
comparison with converted water costs, than are 
rates from long-established facilities, is a very 
valid one. We have a good example of this situation 
in Sacramento where a bond issue has been pro- 
posed to provide funds for increasing the city’s 
water supply. The cost of water from the new facil- 
ities will be more than double the present rate. 

In conclusion, Dr. Gillam’s paper is a valuable 
and authoritative presentation of costs, both present 
and for the near future. The fact that his projected 
costs for 1965 for most sea-water processes are a 
conservative $1 (or less) per 1000 gal, is evidence 
that only gradual improvements in the known proc- 
esses are to be expected, rather than a spectacular 
breakthrough. This agrees with my thinking, namely, 
that about all we can expect in the basic heat proc- 
esses is a succession of small improvements 
brought about by such things as more efficient de- 
sign, cheaper materials, or better heat transfer. 
This emphasizes the importance of diversified and 
intensive research, for more than just nominal im- 
provements in known processes are needed to reach 
the goal of generally competitive converted water 
costs. A scientific breakthrough—the discovery of 
an entirely new principle possibly not now even 
imagined—would be nice. Such an event cannot be 
predicted, however, but in the light of the history of 
science and engineering it is reasonable to assume 
that a breakthrough might eventually occur if a 
vigorous program of research is maintained. In any 
case, improvements in known processes will un- 
doubtedly occur, helping to reduce converted water 
costs. At the same time the pressing need for more 
water, to be satisfied mainly by development of mar- 
ginal sources, will tend to raise the price of natural 
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fresh water. The converging costs curves should 
eventually meet, first at one locality, than at an- 
other, until converted water may become a sizeable 
fraction of the country’s water supply. 

W. Sherman Gillam (Author’s Reply)—I wish to thank 
Mr. Banks for his kind comments. There seems to 
be general agreement on major points of interest. 

In seeking additional supplies of fresh water, it is 
recognized that conservation of existing water de- 
mands first consideration. Certainly, it is not pres- 
ently proposed that conversion be considered as a 
substitute for conservation. The objective of low- 
cost conversion is certainly not merely to provide 
an ever-increasing supply of good water so as to 
enable the continuance of present extravagances and 
waste in water consumption. Prevention of water 
shortages and more efficient use of water are of 
prime importance. 

The word of caution that was raised relative to ac- 
cepting the freezing- method costs until some oper- 
ating experience has been obtained is certainly well 
taken. Such experience is currently being obtained. 
It may be of interest to point out that other organiza- 
tions are also engaged in studying the freezing 
process. One, the Blaw-Knox Co., has made a de- 
tailed study under contract to the OSW on a 10 mil- 
lion gpd freezing process and has arrived at a cost 
estimate of considerably less than $1 per 1000 gal. 

The reference made to cost estimates presented 
by the Secretary of the Interior at the 1958 Senate 
Hearings could not be located. Possibly the refer- 
ence intended was the 1958 House Report No. 2551 
by the Committee on Government Operations. A 
table of estimated costs is presented on p. 20 of that 
report. Those estimated costs ranged from $1.75 to 
$2 per 1000 gal for distillation plants of 10 million- 
gpd capacity and $0.50 to $1.40 for units under devel- 
opment. Estimated costs for freeze-evaporation 
plants of smaller capacity ranged from $0.80 to 
$1.10 per 1000 gal of water. Such estimates appear 
to be quite reasonable. 

Finally, I was extremely pleased that Mr. Banks 
emphasized the need for continuing diversified and 
intensive fundamental research. 
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RESEARCH ON CARBONATE AGGREGATE REACTIONS 


IN CONCRETE 


Considerable research has been conducted in Iowa in recent years on car- 
bonate aggregate reactions in concrete. Groups outside the state have be- 
come active in the past few years after recognizing that certain carbonate 
aggregates are reactive.in concrete. The paper reviews the nature and ex- 
tent of the problem and a summary is given of research by the author and 


his associates. 


I: recent years considerable research has been 
conducted in Iowa on carbonate aggregate reac- 
tions in concrete. The research is part of a general 
study on the behavior of carbonate rocks as con- 
crete aggregates sponsored by the Iowa State High- 
way Commission. Research on carbonate aggregates 
has not been extensive in the past. Laughlin’ pub- 
lished one of the first papers on carbonate aggre- 
gates in 1928 and was followed by others, notably 

H. S. Sweet,” B. Mather et al.,° and K. Mather* who 
emphasized the petrographic and physical aspects 

of carbonate aggregates. The recognition that cer- 
tain carbonate aggregates are reactive in concrete 
has led to increased participation in research in the 
past few years by groups outside of Iowa. Significant 
contributions have been made by Swenson and Gillot,” 
Hadley,° and Chaiken and Halstead’ in work which 
emphasizes the expansion of carbonate rocks in 
alkaline environments and the reaction of carbonate 
minerals or dedolomitization with alkalies. 

It is the purpose of this paper to review briefly 
the nature and extent of the problem and present a 
summary of the research by the author and his 
associates. 


EXTENT AND NATURE OF THE PROBLEM 


The problem is the deleterious behavior of certain 
carbonate aggregates in concrete. It was first rec- 
ognized in Iowa over 20 years ago when poor service 
records of certain highways were correlated with 
aggregates produced from the Glory and LeGrand 
quarries. Deleterious behavior of carbonate aggre- 
gates have been reported in Canada and, more re- 
cently, in New York and Virginia. As more knowl- 
edge is gained concerning the problem, distress in 
concrete related to carbonate aggregates may be 
recognized over a widespread area. The problem 
may potentially exist in the Midwest, the Northeast, 
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and other parts of the country underlain by thick 
sections of carbonate rocks readily available for 
utilization as aggregates. 

The nature of distress in Iowa highways is a 
general weakening and deterioration of concrete 
characterized by progressive cracking and spalling 
away from joints and edges (Fig. 1). The distress 
generally occurs after 15 years of service and be- 
comes progressively worse. Specimens of such 
concrete lack the toughness of sound concrete and 
break easily under the hammer in the manner of a 
soft brick. The matrix is generally highly carbon- 
ated and dark borders, or reaction shells or rims 
outline the argillaceous carbonate aggregate frag- 
ments (Fig. 2). Cracks observed in cores cut across 
the aggregates and concrete matrix. Although 
localized volume change (expansion) is associated 
with spalling, there is no definite field evidence in 
Iowa that excessive growth of concrete slabs has 
occurred. 

The experience with carbonate aggregates in lowa 
indicates that the concrete deterioration is not the 
same as that induced by the alkali-aggregate re- 
action associated with siliceous aggregates. The 
principal difference is that in Iowa the distressed 
concrete is weakened throughout the slab. In con- 
crete affected by the alkali aggregate reaction, the 


Fig. 1—Spalling of concrete away from a joint at 
the edge of Highway 151, three miles northeast of 
Anamosa, Iowa. 
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Fig. 2—Fvragments of distressed concrete showing 
reaction shells with dark borders on fragments of 
argillaceous dolomitic aggregate from Glory quarry. 


central or uncracked portions of concrete slabs are 
reported to show considerable strength. 

In Canada, Swenson’ reports concrete made from 
the Ordovician, argillaceous, dolomitic aggregates 
in the Kingston, Ont., area shows distress within two 
to three years of service. The distress there which 
in some respects is quite similar in appearance to 
that of Iowa is manifested through cracking related 
to excessive growth of the concrete. 


CARBONATE AGGREGATE REACTIONS 


In investigating the behavior of carbonate aggre- 
gate in concrete, the general nature of deleterious 
rock was first described by Dorheim’® in 1948, who, 
by means of expansion tests on concrete bars, sus- 
pected that clay in limestone might be related to 
distress. Roy et al.* made a petrographic study of 
Mississippian aggregates including those with a poor 
service record from LeGrand. Although no correla- 
tion of petrographic characteristics to service 
records was made they observed that weathered 
dolomitic aggregate with increased absorption was 
associated with distressed concrete. Investigation 
of Devonian rocks including deleterious aggregates 
from the Glory quarry led Lemish et al.” to con- 
clude that impure carbonate rocks characterized by 
high residue and clay content were poor aggregates. 
They postulated that pore-size distribution of the 
rock was important to serviceability. Petrographic 
study of distressed concrete demonstrated that the 
softer concrete matrix was carbonated and the im- 
pure dolomite aggregates where characterized by 
reaction shells. This was considered direct evidence 
of the chemical reactivity of certain aggregates. 
Further study by Hiltrop et al.’’ on a wide variety 
of aggregates with varied service records indicated 
that pore-size distribution alone was not indicative 
of performance but that the presence of clay and the 
Ca/Mg ratio of the rock were definitely related to 
serviceability. The research established the nature 
of deleterious aggregates, which were also re- 
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Fig. 3—Experimentally grown asclon shells out- 
line fragments of argillaceous dolomitic aggregate 
imbedded in mortar matrix. 


active, as argillaceous dolomitic rocks. 

A concurrent study by Bisque et al.” of the 
chemical properties of carbonate rocks related 
to concrete durability led to investigation of these 
reaction shells which were found to be silicified 
and selectively formed on aggregates containing 
illitic clay, high residue (high silica content) and 
magnesium content. Reaction shells were grown 
experimentally in impure dolomitic aggregates in 
silica-rich solutions at pH 12 to demonstrate that 
these carbonate rocks could react chemically in 
equivalent concrete environments. 

The studies to this point raised the problem of 
how the reactions were related to distress in con- 
crete and also what was the source of the silica 
found in reaction shells. 

Continued work by Bisque et al. demonstrated 
that reaction shells in impure domomitic aggregates 
could be experimentally grown in concrete bars 
(Fig. 3) by soaking them in water at 125°F or by 
alternate wetting and drying. In a careful experi- 
ment Bisque was able to demonstrate that shell 
growth on chips of Glory aggregate was due in part 
to introduction of silica from the mortar bar in 
which the experiment was made. Further studies on 
shell growth indicated that sodium and potassium 
were not introduced into the shell. In attempting to 
understand the mechanism of silica introduction into 
the shell zone and its stabilization there, it was 
postulated by Bisque” and demonstrated by Hiltrop™® 
by means of vaporous silicon compounds (silicon 
tetrachloride and organic silanes) that silica in- 
troduced into the rock could be stabilized or fixed 
by clay particles. 

The first indication of the effect of these reactions 
on concrete was demonstrated when concrete bars 
made from deleterious aggregates in which shells 
were grown had no increase in compressive 
strength. Comparison bars made from nonre- 
active aggregates and treated Simultaneously with 
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the reactive bars showed a 50 pct increase in com- 
pressive strength. No excessive expansion occurred 
in either case. 

At this stage of research it became evident that 
more knowledge of the mechanism and details of the 
carbonate aggregate-concrete reaction were 
essential. Information was needed on where the 
silica came from, and on the effects of the reaction 
on various constituents of the aggregate (carbonate 
minerals, quartz, clay, etc.) as well as the cement. 

To gain more information in this area, a study 
was undertaken by Harwood” of the compositional 
variations in aggregate and cement resulting from 
aggregate-cement paste reactions. A series of ex- 
periments were made in which cubes of various 
aggregate were reacted in type I cement paste bars. 
Chemical analyses and X-ray studies were made 
on samples taken at specified intervals across the 
aggregate-cement interface. To test the effect of 
the reaction on cement, two cubes of reactive 
aggregate were similarly reacted in bars made of 
the principal constituents of portland cement, alite 
(3CaO- SiOz) and belite (2CaO- SiO.), respectively, 
at pH 12 environments. 

The results demonstrate that silica has variable 
behavior. With Glory aggregate, silica increases in 
the shell zone whereas in another aggregate it de- 
creases. Regardless of silica variation a resistant 
silicified shell of amorphous silica results. In all 
cases magnesium moves from the shell zone and 
calcium moves into it. In the cubes reacted with 
alite and belite, silica migrates out of the shell 
zones. X-ray data indicate that quartz and dolomite 
decrease in the shell zone; calcite increases; and 
some Ca(OH), is introduced in some specimens 
from the cement paste. The hydrated cement com- 
pounds adjacent to the aggregate show a more dis- 


ordered pattern. 
The data from these experiments indicate that 


silica migration is essentially an equilibrium re- 
action controlled by the relative concentration of 
available silica in adjacent cement and aggregate 
and the local pH environment (gradient). Dolomite 
breaks down (dedolomitization) in a dolomite- 
hydroxyl ion reaction. Some calcite increase in the 
shell zone can be explained through reaction of the 
introduced Ca(OH)2 or calcium ions with the CO; 
ions released during the reaction. Another conclu- 
sion is that shell formation indicates the presence 
of amorphous silica and not necessarily an increase 
or decrease of silica content. 

Further research in this area was continued by a 
different means because of the inherent sampling 
difficulties involved. Hiltrop” adapted a refluxing 
technique as a new way of studying the problem 
quantitatively and also to find out the form available 
silica or silicate is in and conditions under which it 
migrates in and out of rocks. The concept of re- 
active and non-reactive silica was introduced on the 
basis of the ammonium molybdate method of silica 
determination’® and subsequent hydrofluoric acid 
treatment. After measuring the amount of silica by 
the ammonium molybdate method that an aggregate 
contributed to a solution, subsequent HF treatment 


always increased the silica content, indicating that 
more complex unavailable species of silicate are 
present. The immediately available species (prob- 
ably monomeric silicate) was termed molybdate- 
reactive silica and the more complex HF treated 
silicate, molybdate-nonreactive silica. 

Work was continued in this area by Werner” after 
a method of refluxing in silica-free containers was 
developed. A definite silica equilibrium concentra- 
tion was found to exist at a certain pH for various 
aggregates below which silica moves out of a rock 
and above which silica moves into the rock. This 
verifies the conclusion drawn in earlier research 
that silica migrates in an attempt to establish 
equilibrium. To date most aggregates studied have 
a low silica equilibrium concentration and their 
capacity to absorb silica far exceeds their ability 
to give up silica. Most of the silica given off by an 
aggregate at a given pH is 80 to 90 pct molybdate 
reactive silica. It is believed that some of the silica 
which is absorbed or stabilized in an aggregate is in 
the form of a hydrous calcium silicate compound. 
Evidence for this conclusion is based on the fact 
that some calcium goes into solution when rocks 
are refluxed. When the rocks are refluxed ina 
silica-rich solution, it was found that both calcium 
and silicon are depleted from solution (taken up by 
the rock) ina 1:1 ratio of calcium to silicon. Ce- 
ment paste chips when refluxed alone give off very 
little silica, and like rocks they show a greater 
capacity to absorb silica. This evidence indicates 
that cement paste, contrary to earlier beliefs is 
probably not a source of silica. Further experiments 
indicate that fine aggregate (Ottawa sand) gives off 
eight times more silica than carbonate aggregates 
or cement paste chips. 

Research on the nature of the reaction is contin- 
uing. Quantitative studies of the mineralogical 
changes occurring in the aggregate are being under- 
taken after quantitative X-ray procedures” ” were 
worked out. Further investigations via the refluxing 
technique in silica-free environments are being 
undertaken. A project to determine the effect of the 
reaction on the compressive strength and dimen- 
sional stability of concrete bars is in progress. 
Concrete bars containing various aggregates made 
with high, medium, and low alkali cements are being 
used in the experiment. 


CONCLUSIONS 


Although research in carbonate aggregate-con- 
crete reaction is not complete, much has been 
learned concerning them and is summarized below. 

The reaction is selective and the reactive aggre- 
gates are argillaceous dolomitic rocks character- 
ized by relatively high insoluble residues. The reac- 
tion can be induced in the laboratory and controlled 
experiments show that all components of the rock re- 
act to form a Silicified dedolomitized shell. Sodium 
and potassium are not introduced into the shell. The 
shells represent the presence of amorphous silica 
much of which is locally derived from quartz in the 
rock. Silica can move in or out of the rock and is 
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accompanied by the breakdown of dolomite and in- 
crease in calcite. Several reactions occur simul- 
taneously and appear to represent the attempt of the 
rock to come in equilibrium with its hydroxyl- 
rich (high pH) environment. Alite and belite, the 
principal constituents of cement, do not appear to 
be the source of silica. Most of the silica which 
migrates is considered to be the monomeric type. 
Reactive aggregates have a greater capacity to 
absorb silica than to give it up. The silica is 
absorbed or fixed by the aggregate as a hydrated 
calcium silicate compound. Cement paste is probably 
not a source of silica but does serve as a source of 
calcium and helps create the high pH environment. 
Tests to date show that concrete in which the re- 
action has occurred do not gain in strength whereas 
concrete bars unaffected by the reaction had a 50 pct 
increase in strength. In either case no excessive 
expansion occurs. 

Considerable progress has been made in under- 
standing the deleterious behavior of aggregates, but 


as yet the mechanism of how the reactzon con- 
tributes to failure in concrete cannot be answered. 
Field evidence indicates that use of deleterious 
aggregate ultimately causes a weakened, carbonated 
concrete which may or may not show excessive 
growth. Insome manner the alkali-induced reactions 
described above directly or indirectly contribute to 
distress in concrete. 

No hypothesis will be presented but an important 
concept resulting from the research to date is em- 
phasized so that it might serve as a basis of a 
better understanding of the system known as con- 
crete. Sound concrete requires that all materials 
used, the coarse aggregate, cement, and fine aggre- 
gate form a compatible system. It can no longer be 
assumed that aggregates, coarse or fine, behave as 
inert materials when placed in the alkaline en- 
vironment of concrete. They must and will react 
either beneficially or deleteriously to adjust to their 
environment. The understanding of these reaction 
will be the key to designing sound concrete. 
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DEVELOPMENTS AND RESEARCH IN 


THE SAWING OF SLATE 


The development of new processes and methods by The Pennsylvania State 
University to improve slate quarrying technology has centered in recent 
years on cutting and sawing stone in the quarry to eliminate a second cutting 
process in the mill. Two machines exhibit promise for this work: 1) a cir- 
cular saw mounting diamonds or hard inserts to produce smaller sizes of 
stone and 2) a chain saw with insert cutting teeth to produce stone in the 
larger dimensions. Prototype machines have been constructed and tested in 
several Pennsylvania slate quarries, and one commercial installation has 
been operated for several months with a circular diamond saw. Other kinds 
of dimension stones may be cut by these saws. Research at Penn State has 
begun to study the fundamental cutting action of rotary tools or saws in slate 
and other dimension stones. A laboratory drill press is being instrumented to 
permit thrust-torque-rotational speed vs penetration vate studies of single 
tooth cutting surfaces on stone. Machinability studies of slate conducted with 
tungsten-carbide inserts have been performed. 


Ee dimension stone industry generally accepts the 
rather basic premise that the larger the block re- 
moved from the quarry, the more practical and eco- 
nomical the operation. Thus, the concept of cutting 
to size any dimension stone while it remains in place 
in the parent bed would receive little consideration 
from the majority of members of the industry. How- 
ever, the slate industry, which is usually considered 
a Separate member of the dimension Stone family, is 
pioneering in the development of an in-place sawing 
method. 

Before any final decision can be reached concern- 
ing a proposed new system, it is essential to take a 
long, hard look at the present method of operation in 
order to determine if the new system is indeed an 
improvement or even desirable. In the following 
section is a brief description of present quarry 
practice in the slate quarries of eastern Pennsyl- 
vania. 


PRESENT METHOD OF QUARRYING SLATE 


In the numerous slate quarries of Lehigh and 
Northampton Counties of Pennsylvania, the grain 
and cleavage of the slate are most often at right 
angles to each other; if a third surface is broken at 
right angles to these two natural planes of weakness, 
blocks of more or less rectangular shape can be 
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separated.' In conventional quarrying a large calyx 
core drill prepares holes of 36-in. diam in which 
wire-Saw Standards are positioned. By wire sawing 
between strategically located core-drill holes, large 
sinks or benches of virgin slate are opened up. The 
sides freed by wire Sawing will vary from quarry to 
quarry but generally are rectangular in shape with 
dimensions averaging 20 ft in length and about 15 ft 
in depth. Some quarries are fortunate in having a 
joint or natural parting to work to, which of course 
diminishes the amount of core drilling and wire 
sawing required. Once the various benches have 
been developed either through wire sawing alone or 
through a combination of wire sawing and natural 
jointing planes, the block removal proceeds in the 
following manner. 

A plug hole is drilled in the block with a com- 
pressed-air hammer and a feathering chisel is in- 
serted in the hole to cause a fracture of the rock 
either with or against the grain as indicated by the 
positioning of the so-called feathers. This operation 
is referred to as sculping. After a block has been 
freed with and against the grain by means of wedging 
from the cross fracture with long bars or levers, 
the block is further freed along the cleavage plane 
by shimming it up with small wooden pieces in an 
operation known as styling. 

A large steel loading chain is wrapped around a 
block thus freed and the chain is attached to the 
wheel of an overhead cable. The block is then 
hoisted vertically to the cableway and moved along 
this cableway laterally to the lip or edge of the 
quarry. From here it is unloaded onto a rail car or 
truck for transportation to the processing mill. Ex- 
cept for occasional blasting to free stubborn blocks, 
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this is an accurate picture of Pennsylvania slate 
quarrying. 

Slate’s Economic Outlook: The very nature of slate, 
the tradition of manual fabrication, the difficulty of 
extraction from open-face quarries, the high per- 
centage of waste rock, and the age of the industry 
and its methods have contributed to increasingly 
higher production costs, lower efficiency, lower 
profits, and rapidly declining markets. The en- 
croachment by substitute materials in markets 
formerly held by slate has forced prices downward, 
narrowing the profit margin to the point where many 
of the operators have been forced to shut down. This 
downward spiral is particularly hard to correct be- 
cause all remedies are based upon increased capital 
outlay. Unfortunately, the present economic condi- 
tion of the industry suggests little likelihood of this 
aid coming from the industry itself. 

Economic survival of the slate industry therefore 
will depend to an appreciable extent upon a solution 
of its complex production problems. One of the 
most critical problems in the industry today is that 
of output per man-day. Were this improved through 
mechanization, profits would increase automatically, 
enabling the industry to cope with its own problems. 
Accordingly, the Dept. of Mining at Penn State has 
been active for a number of years in promoting 
mechanization in the slate quarries as well as in 
research to develop improved techniques, especially 
in the sawing of stone in the quarry. 


FIELD STUDIES IN THE SAWING OF SLATE 


Rotary Sawing: For many years, slate quarry crews 
have been transmitting to the mill for processing an 
unwieldy slate block that has been gouged from the 
slate bed. These blocks vary tremendously in size 
and shape are subsequently cut to some conventional 
size by a rotary mill saw. Due to an absence of pro- 
duction scheduling and standardization, this size is 
generally the largest obtainable so as not to waste 
any more Slate than has been already lost. The ro- 
tary mill saw is a large circular saw of 3 1/2-ft 
diam that cuts the irregularly shaped blocks arriving 
from the quarry into regular or commercial shapes 
prior to their subdivision into thin sheets by splitt- 
ing. Most mill saws are antiquated machines that 
run at slow speeds and even slower feeds which rely 
heavily upon impact cutting and are very inefficient. 
However, recent developments in rotary mill saw 
design; such as increased maneuverability, diamond 
impregnated blades, and faster feeds and speeds; 
have added impetus to the idea that this sawing step 
could just as well be performed in the quarry itself, 
thus eliminating an additional expensive operation. 
Experimental Work: The idea of combining slate 
quarrying and rotary mill sawing into an integrated 
step is by no means a new one and has been tried by 
at least one of the operators as long ago as 1924. 
He mounted a modified mill saw on a channeling 
machine frame and attempted a few cuts in his 
quarry. This, the initial attempt at cutting slate in 
place, was less than successful and no further effort 
was made along these lines until 1953 when a re- 
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search team from the Department of Mining at The 
Pennsylvania State University introduced an experi- 
mental model masonry saw into the North Bangor 
Slate Co. quarry. 

The primary purpose in introducing this saw, a 
Clipper model HD with 14-in. blade, into the quarry 
at this time was to gather preliminary data relating 
to the feasibility of in-place cutting. The first blades 
to be employed in the 1 1/2-hp unit were carborun- 
dum blades (GW3125) provided by the saw manufac- 
turer. The initial bench or working place where 
cutting was inaugurated was at the 125-ft level of the 
Genuine Bangor Run. This area was immediately 
adjacent to several active working places, thus 
affording the necessary electric power and water 
supply. Based upon Wooddell’s modification of the 
Moh scale of hardness, it was believed that car- 
borundum blades had sufficient hardness (approxi- 
mately twice that of slate) to perform satisfactorily 
in preliminary tests of this nature. However, the 
entire cutting procedure was so noticeably slow and 
inefficient, due in part to the blade composition and 
in part to insufficient power, that it was decided to 
obtain a more powerful saw employing blades of a 
different composition. 

Although often used synonomously, the terms rock 
hardness and rock penetrability require considerable 
qualification when employed in a specific instance. 
For example, in the high-speed rotary cutting prob- 
lem dealt with in this paper, the material’s resis- 
tance to abrasion is used as a measure of that mate- 
rial’s hardness. It should be pointed out here that 
any material exhibits numerous forms of hardness, 
any of which may become the controlling criterion 
depending upon the method of penetration utilized. 
Therefore, it may be seen that in the penetration of 
a specific material it is first necessary to isolate 
the hardness characteristic or characteristics to be 
dealt with and proceed from that point. Since slate 
cutting with high rotational speed saws is definitely 
a matter of abrasive cutting, it was decided to select 
the best available material for such cutting; there- 
fore, industrial diamonds were chosen as the next 
cutting medium to be tested. 

Accordingly, the second try at cutting slate from 
the quarry floor was carried out with a 2-hp Clipper 
HD Masonry Unit utilizing an 18-in. segmented, 
steel-bonded blade impregnated with a 50-pct con- 
centration of diamonds. The industrial diamonds 
were of the South American ballas variety possessing 
an abrasive hardness advantage over slate of 42/6 
(after Wooddell). 

The initial cuts with the 18-in. diamond blade ex- 
ceeded expectations both with respect to rate of 
cutting and the nature of the cut achieved. The na- 
ture of the cut is of importance because some per- 
sons had expressed fear that heat generated in 
cutting would in effect burn the cut. Close inspection 
with a hand lens allayed such fears. The seriousness 
of burning may be appreciated when it is explained 
that such damage to slate makes splitting from the 
cleavage very difficult and subsequent finer sub- 
division virtually impossible. 

Soon after it had been established that the diamond 


Table I. Power Study No. 1 for Diamond Saw 


Depth of Cut, Time to Cut 
Power, Kw In. 1 Ft, Sec Orientation 
155 0.8 37 Against grain 
155 es 120 Against grain 
1555 2.4 392 Against grain 


blade was going to cut slate successfully with no ill 
effects, an operating procedure for systematic cut- 
ting and the subsequent testing thereof had to be con- 
trived. The area of slate cut, the time*consumed in 
cutting and the power required to perform the opera- 
tion were of prime importance. Although the main 
objective of introducing a new piece of operational 
equipment into the slate quarry was, and still is, to 
reduce the tremendous waste experienced in the con- 
ventional quarrying method (used since 1926), it was 
felt that if the system were less than revolutionary 
with respect to cost, efficiency, and all around 
adaptability, it would prove fruitless. 

The first testing procedure employed consisted of 
one man providing the manual feed for tramming the 
saw within its guide rails and a second man for tim- 
ing and measuring the cut as well as for taking the 
power consumption reading from the industrial 
analyzer hooked in series with the masonary saw. 
The industrial analyzer, in addition to giving the 
power readings, also shows the voltage, current, and 
power-factor readings on individual scales. This 
enables the observer to notice any unusual surges of 
current or voltage as well as the power consumed 
and the power factor. 

A group of readings were taken of the cutting time 
and the power consumed to perform the cutting. The 
areas of the freed slate were also measured. When 
these data were correlated it was discovered that 


the multiple cutting required for attaining a desired 
depth with the carborundum blade was not as in- 
efficient as it first had seemed. As a matter of fact, 
a series of shallow cuts, even with the diamond 
blade, is the fastest means of freeing a given area 
of slate. Table I shows that 391.58 sec are required 
to cut slate 1 ft in length to a depth of 2 7/16 in., 
freeing an area of 29.25 sq in. of slate. Compared to 
this, it takes only 120.44 sec to cut 18.00 sq in. of 
slate, when cutting a length of 1 ft and a depth of 

1 1/2 in. Comparison of these figures indicates that 
the cutting time increases more than threefold while 
the area freed increases only about 1 1/2 times. 

From this brief example, it is easy to see that two 
quick passes with the saw blade depressed 1 1/2 in. 
will give a greater freed area than one pass at 
2 7/16 in. and do it in 61 pct of the time. The main 
reason that the advantage of multiple cutting was not 
discovered during earlier testing would seem to be 
that the carborundum blade would not make any deep 
cuts at all without stalling the motor. Since there 
was nothing to compare the series of shallow cuts 
with, it seemed quite natural to assume that one 
deep cut was going to prove more expeditious than 
the series of shallow cuts. 

Several variations in testing were worked out to 
improve the test procedure and make permanent 
records available. 1) In order that a permanent 
record could be obtained of the power being con- 
sumed, an Esterline Angus recording wattmeter, 
was inserted in the circuit in addition to the indus- 
trial analyzer already present. 2) A pulley system 
was devised so that the saw could be pulled through 
the cutting process at a fairly uniform rate. This 
pulley system was introduced so that the feed rate 
would be as independent of human variations (notice- 
able in manual feeding of preceding tests) as pos- 
sible. 


Fig, 1-Experiment- 
al model of rotary 
diamond saw used 
inslate quarry. 

The block, 5-in. 
thick cut by the 
2-hp masonry saw 
with an 18-in, dia- 
mond blade, being 
held by the cutter, 
indicates the comm- 
ercial size of the 
blade. 
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Table Il. Chemical Composition Comparison of Slate? 


Genuine Bangor, Pct Albion Vein, Pct 


SiO, 57.14 57.30 
TiO, 0.36 0.53 
Al,0, 21.05 17.08 
FeO, Fe,0, 3.58 5.76 
FeS, 1.42 

CaO 3.95 3.85 
MgO 3.29 3.15 
K,O 3.11 3.32 
Na,O 1.05 1.28 


Testing continued in the North Bangor Slate Co. 
quarry, where the slightly dipping (9° to the south) 
Genuine Bangor Slate Run proved to be almost ideal 
for experimentation purposes. 

Fig. 1 shows a block 5 in. in thickness cut by the 
2-hp masonry saw with an 18-in. diamond blade, an 
indication that this was a blade of commercial size. 
Certainly, the motor was much too small, but if this 
underpowered saw could cut such a sizeable block in 
a period known to be economical, then the possibili- 
ties of a larger- motored saw seemed to be very 
promising. 

At approximately this time, it was decided to move 
the saw to a different slate area and determine 
whether the diamond saw would cut other slates as 
well as it cut the Genuine Bangor slate. It was re- 
membered that the wire saw had been an unqualified 
success in the Wind Gap-Pen Argyl slate region but 
had failed miserably in the Chapman Group of hard 
slates. 

The masonry saw was next moved to the General 
Slate Co. quarry in Wind Gap, Pa., where the Front 
Big Bed of the Albion Runs is exposed. The chemical 
composition of this slate as compared to the Bangor 
slate group is not too noticeably different; however, 
the older slate men such as splitters and holemen 
insisted that this slate was truly harder than the 
Genuine Bangor slate and would prove to be a good 
test for the diamond saw. Because 18 of the 19 oper- 
ators are Situated in the Pen Argyl-Bangor group of 
Slate beds, it was believed that the saw’s effective- 
ness should be proven in this area. Table II com- 
pares the chemical compositions of the Genuine 
Bangor Slate and the Albion Slate of the Pen Argyl 
region. 

The 2-hp masonry saw was placed in the General 
Slate quarry upon a Slate bench that was only some 
75 ft below the quarry rim and readily accessible by 
a series of ropes that were pinned to the side of the 
quarry. This made it fairly simple to get in and out 
of the quarry without bothering the hoistman to send 
down a manbox each time it was necessary to leave 
and enter the quarry as in most other quarries. 

The testing in the General Slate Co. quarry was 
confined to the 18-in. diamond blade, and the results 
seemed to contradict the slatemen’s belief that this 
was a harder slate than previously worked in the 
North Bangor quarry. Fig. 2 indicates that con- 
siderably less power is utilized in freeing slate in 
the Front Big Bed of the Albion Vein than is needed 
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Fig. 2—Power test comparison of masonry saw 
in Bangor and Pen Argyl slates. Solid lines are 
data for Bangor slate and dashed lines, data for 
Pen Argyl. 


for cutting slate in the Genuine Bangor Run, for the 
same rate of feed and depth of cut. 

Commercial Application of In-place Cutting: On 
July 21, 1954, one of Pennsylvania’s slate producers 
brought into his quarry a diamond mill saw as a 
means of extracting slate by cutting in place. The 
saw, Supplied by the Stone Machinery Co., Manlius, 
N. Y., is powered by a 10-hp, dual voltage (220/440) 
motor. A series of preliminary cuts in the quarry 
had indicated that an 18-in., 25-pct concentration 
diamond blade made by the Norton Co. was the most 
satisfactory. 

The maximum depth of cut for the 18-in. blade is 
about 5 in.; therefore, for maximum depth of cut it 
was necessary to make three passes, each 1 2/3 in. 
deep. The saw is mounted on a 12 x 12-ft frame 
equipped with a movable guide rail for spotting the 
Saw at any slate width desired. Once this guide rail 
is moved into place, the saw is moved along the rail 
for the entire 12 ft of length as many times as is 
necessary to obtain the maximum or desired depth. 
For the maximum depth (5 in.), this requires three 
passes. An ammeter mounted in the saw indicates 
the current being used; for this operation the current 
is kept in the vicinity of 15 amp for 220 v. 

Two methods of extraction have been tried. 1) 12 x 
18-in. blocks were cut on two sides (against grain) 
only and sculped on the remaining two sides and 2) 
the same size blocks were cut on all four sides. The 
first method produced a more rapid product while the 
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Table III. Diamond Saw Production 


Dates No. 18 x 12-in. Blocks 
From July 21 to August 2 1046 
From August 3 to August 7 264 
From August 9 to August 17 734 
Total 2044 blocks 
Number of man-hours 416* 
Number of working days 20 


*Usually two men are employed in this system. 


second method produced a smoother (and more 
valuable) product. This would seeni to indicate that 
both methods can be utilized according to the product 
desired and the cost balance. 

A production record during 20 days of the summer 
of 1954 is given in Table ITI. 

If the in-place quarrying system can be perfected, 
it will be easy to modify the milling process and 
move the mill closer to the quarry lip. Then the 
materials handling problem can be simplified by 
means of some type of conveyor. 

The diamond saw quarrying method practically 
eliminates the entire slate milling function, because 
a final product is cut from the quarry floor. Of 
course, for lager products such as billiard table 
tops, slate blackboards, and structural shapes, this 
does not hold true. However, for such products as 
roofing, tile, flagging, and small millstock items, 
the necessary processing could be done on the quarry 
floor as soon as the diamond saw had freed it from 
the slate bench. 

The first product produced by this system was 
rectangular flagging, which was in heavy seasonal 
demand at the time the system was inaugurated. This 
demand for flagging was extremely helpful in that it 
permitted the operator to remove the inevitable bugs 
from the system while continuing to make a profit. 
Soon a second 10-hp Stone Machinery Saw was placed 
into operation to produce a fine, clear roofing slate 
from the Old Bangor Run. 

The diamond-saw quarrying method reduces the 
enormous amount of waste slate that is evident in the 
conventional quarrying method. This waste often 
approaches 75 pct of all slate quarried. There are 
instances with the diamond saw where waste is non- 
existent. 

Although there has not been an extensive commer- 
cial use of the diamond saw method of quarrying, 
from what there has been it is evident that the cost 
of this system will be less than one half that of the 
conventional system. This is with regards to the 
products most easily adaptable to the diamond saw 
quarrying method and should not in any respect be 
considered as an overall quarrying comparison. 
Chain Cutting of Slate: In conjuction with the inves- 
tigation of rotary slate cutting, there has been con- 
siderable effort devoted to the development of a 
chain cutting machine for slate quarrying. If such a 
machine can be perfected—and there seems to be 
every reason to believe that it can—then it will 
prove a remarkable companion tool to the rotary 


Table IV. Classification of Rock Penetration Methods 


Action Application 
Mechanical 
Percussion Channeler, rock drill 
Wire saw 
Drag abrasion Rotary saw 
Chain saw 
Thermal 
Spalling Jet channeler 


Saw in the future exploitation of slate by the in-place 
method. 

The machine constructed for field trials in slate 
chain cutting consists of a Disston Electric Deck 
Saw, 7 1/2-hp motor and drive, a specially built thin 
track cutter bar, and a modified Disston Leader 
chain utilizing tungsten-carbide insert tips. Seventy 
of these tips are mounted on the chain’s length of 
slightly more than 10 ft. Every fifth tooth assumes 
the Same position, indicating that there are 14 com- 
mon Sections of 5 teeth per section located about the 
chain’s periphery. The strategic placement of these 
tungsten-carbide tips has contributed heavily to the 
success of the field trials. 

The first testing on slate cutting by chain has been 
restricted to so-called thin-kerf cutting, and because 
of this, numerous problems have been encountered 
that would not be present in wide-kerf cutting. For 
example, mounting tungsten-carbide tips that are 
1/16-in. cubes presents quite a problem. The kerf 
made by the current experimental model is about 
1/2 in., and this compares favorably to the kerf of 
the wire saw. The cutting capacity of the model 
itself is more than twice that of the conventional 
wire saw which would seem to indicate that a pro- 
totype could be constructed to perform at least as 
well. 


LABORATORY STUDIES 


Fundamentals: Sawing or cutting of dimension Stone, 
like cutting coal, is essentially an action of rock 
penetration; i.e., the making of a directed hole or 
kerf into rock. As such, cutting is related to drilling, 
and the same methods of applying energy to pene- 
trate the rock are utilized. 

Basically, the penetrating action in cutting or Ssaw- 
ing can be classified as indicated in Table IV, with 
applications as noted. Cutting by percussion is akin 
to drilling by the same action, while abrasion cutting 
is related to rotary drilling. Attention in this paper 
is devoted only to those processes applying energy 
mechanically to penetrate the rock. 

Generally, the harder, tougher materials require 
the reciprocating impact of percussion to achieve 
penetration, at least, for quarry cuts. Hence, chan- 
neling machines are required in the quarrying of 
dimension stone such as granite and marble. For 
softer materials, such as slate, some sandstone, 
and limestone, drag abrasion action may suffice, and 
the wire saw has had widespread application. The 
experimental machines discussed earlier, the rotary 
and chain saws, are particularly applicable here. 
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Fig. 3— Rotary drill press to be instrumented 
for study of cutting action in sawing slate. 


However, there is a definite trend to apply abrasive 
cutting to increasingly harder materials, and this is 
indirectly an aim of this research. 

It should be noted that the cutting surfaces and the 
resultant cutting actions with the wire saw and the 
rotary or chain saw are really quite different. In 
wire sawing, cutting of the stone is accomplished by 
the abrasive action of the sand particles and water 
poured into the kerf. The stranded wire, as it is 
dragged slowly through the kerf, forces the sand 
grains into contact with the rock, imparts motion to 
them, and applies a downward thrust which forces 
the grains to scour into the rock. In brief, rock 
penetration is accomplished through the action of a 
multiplicity of surfaces, cutting erratically and 
somewhat uncontrollably. 

On the other hand, rotary or chain Saws mount a 
limited number of fixed cutting stones, teeth, or bits 
which penetrate the rock by an action best described 
as shaving or planning. Revolving at rather high 
speeds, the blades or chains mounting the bits apply 
the thrust and torque necessary to force the bits into 
the rock in a steady, rhythmic manner. Not only is 
the size of the cutting surface greater than in wire 
Sawing but its action is a good deal more positive 
and predictable. For these reasons, the sawing 
action of the rotary or chain machines is amenable 
to laboratory study. 

Mechanism of Penetration by Drag Abvasion—The 
cutting action of the diamond in rotary drill bits has 
been studied by Pfleider et al.**® Prong or fishtail 
rotary bits mounting hard inserts as the cutting sur- 
faces have been investigated by Shepherd,” Alpan,° 
and Fairhurst.” Probably the most applicable of any 
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previous study to the problem of cutting rather than 
drilling stone, however, was one conducted by Good- 
rich!° using a planing device in the laboratory. 

Goodrich conducted carefully controlled and in- 
strumented tests dragging a cutting tooth across the 
surface of a rock specimen. A magnifying device 
and high-speed photography enabled him to record 
the action at an enlarged scale and at slow speed. 
Extremely interesting and revealing results, directly 
applicable to the sawing of rock, were obtained: 

1) The action of the tool in penetration was not 
uniform. Advance was erratic, but on close analysis 
was seen to occur in a two-stage cycle. The bit 
moved ahead in jerks, alternately deforming and 
then rebounding forward. This was also reported in 
rotary drilling by Fairhurst. An erratic motion in 
rotary drilling and abrasion cutting is quite at vari- 
ance with the usual conception. 

2) The two-stage cycle of bit movement actually 
corresponds to two phases of rock failure: crushing 
and chipping. Crushing occurs when the bit rebounds 
forward after forming a large chip. Chips are 
formed as the bit builds up elastic energy, deform- 
ing without advancing. 

3) Evidence was obtained that chip geometry was 
remarkably constant. In other words, fracture of the 
chip along a plane of high stress intensity invariably 
occurred at the same inclination, producing chips of 
a uniform shape and size. 

It is quite evident that the fastest, most efficient 
rock penetration, whether by drilling or cutting, is 
accompanied by the formation of the largest chips 
and the least fines. In terms of the two phases of 
cutting action observed by Goodrich, the objective of 
efficient penetration is to promote chipping and to 
reduce crushing. 

There are many factors in sawing or drilling 
which will affect the efficiency of the cutting action. 
In addition to the nature of the rock itself, these in- 
clude the following: 1) thrust, 2) torque, 3) linear 
rate of travel, 4) geometry of cutting tool, and 5) 
elastic and structural properties of tool. 

Study of Cutting Action with Rotary Drill Press: To 
investigate the basic parameters in the sawing pro- 
cess, a two-phased laboratory program has been 
inaugurated at Penn State. One phase is directed at 
applying the machinability concept of metal working 
to stone cutting and is discussed in the next section. 
The second, just getting underway, is being conduc- 
ted with an instrumented rotary drill press in an 
attempt to study the basic penetratiing action of a 
Single tooth or bit in stone. 


The drill press, mounting a single insert cutting 
surface on an eccentric arm, is shown in Fig. 3. 
Both the length of the arm and the inclination of the 
bit holder can be varied. The drill press is a 1 1/2- 
hp unit having rotational speed variable from 200 to 
5000 rpm. Instrumentation is being developed which 
will permit control and measurement of thrust, 
torque, and rotational speed during experimental 
runs. The resulting rate of penetration will also be 
recorded. 

The purpose of the drill-press studies will be to 
determine the optimum level of thrust, torque, and 
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Table V. Machinability Studies 


Typical Table of Test Results 


Carbide Grade 55A 
One-Tooth Fly Cutter 


Test Feed, Depth, Wear Time of 
No. SFM RPM IPM In. Land Pass, Min 

1 257 82 1.375 1 0.007 6 

2 257 82 1-375 1 0.010 6 

3 257 82 1.375 1 0.015 6 

4 PEST | 82 1.375 1 0.015 6 

5 257 82 1 0.015 6 

6 257 82 1-375 1 0.018 3) 

Columns 


(1) (2) (3) (4) (S) (6) (7) 


linear rate of travel in different rocks for cutting 
bits of varying geometry, orientation, and composi- 
tion. It is the intention of this phase of the study to 
investigate the suitability of materials as hard in- 
serts for stone cutting, particularly such synthetic 
compounds as the carbides, the ceramics, and the 
cermets. 

The conductance of basic cutting studies under 
carefully controlled laboratory conditions holds 
promise for evaluating and extending the field of 
application of sawing to a wide range of natural 
stone. 

Slate Machinability Studies: Although it seems ob- 
vious to all who observe the Pennsylvania slate in- 
dustry in operation that the methods employed are 
archaic and somewhat less than optimum, no one has 
ever taken the opportunity to define exactly what the 
optimum operational methods might be. To deter- 
mine these, the Dept. of Mining, through its slate 
research project, has set out to ascertain the de- 
sirable conditions, and the inauguration of slate 
machinability studies have been the first forward 
step in learning how slate should be quarried and 
subsequently processed. 

The approach to effective machining of slate 
products, in both extractive and mill finish pro- 
cesses, is based on a cutting-tool life which will 
allow a sufficiently high cutting rate to bring about 
more favorable economic conditions. Cutting-tool 
life in machining of metals is customarily related to 
the flank wear land (the flattening of the cutting edge 
of the cutting tool), and this in turn is directly re- 
lated to the cutting speed; i.e., the rate of travel of 
the cutting tool relating to the surface of the work 
material. Although many creditable arguments can 
be raised concerning the dissimilarity of metals and 
rocks, these relationships do permit a good enough 
correlation to make a reasonably accurate predic- 
tion of the total time a cutting tool can remain in 
operation at a given speed. 

Initial machinability data has been accumulated 
through the cooperation of the Spring Garden Inst., 
Philadelphia, which has at its disposal such equip- 
ment as a Carboloy machinability computer, a 
variable-speed Kearney and Trecker 50-hp hori- 
zontal milling machine, and a Cincinnati 2-hp hori- 
zontal milling machine. 


Table VI. Machinability Studies 


Current Proposed 

Test: Field Cutter 

12 In. 42 In. 36 In. 

Diam Diam Diam 

(1-Tooth) (44- Tooth) (60- Tooth) 

Surface Fpm 257 257 257 
Rpm 82 23 Pell 
Feed rate, Ipm 1% 172 27.5 
In. per tooth (chip load) 0.017 0.017 0.017 
Total cutting time (tooth life) 33 min 60.5 hr 138.9 hr 


Ordinarily, resorting to a standard test of cutting 
after a short series of cuts at a given surface foot 
rate would give sufficient information to adjust the 
machinability computer and expand the resulting 
rates through all normal ranges of machine opera- 
tion and tabulate resulting tool life. This tabulation 
is substituted into a general economics formula 
based on unvarying overhead and maximum down- 
time to determine the optimum economic conditions. 

The machining of slate, however, does not permit a 
direct application of the foregoing procedure. On 
the basis of flank wear land establishing a straight 
line relationship with cutting speed, it is effective 
only in the lower cutting-Speed ranges. Conse- 
quently, all data over 400 SFM (surface feet per 
minute) had to be eliminated. The remaining test 
data was then mathematically expanded to conditions 
approaching field use on the basis of increased 
cutting teeth only. The factors here taken into ac- 
count are actual time in the cut and total time to 
produce a given flank wear land (0.018 in.) on the 
basis on one tooth. Assuming that these conditions 
repeat themselves in a multi-tooth cutter, we have 
the basis for predicting and subsequently qualifying 
these predictions in actual field trials. 

The slate specimens employed in the initial 
machinability studies were nominal sized blocks 
(1 ft by 1 ft by 2 in.) selected from four separate 
slate runs: Columbia, Albion, Diamond, and Bangor 
Union. These runs or veins are found at more or 
less regular intervals across the entire extent of 
the Pennsylvania slate belt and therefore are con- 
sidered representative of the material the industry 
must contend with. 

In order to find a favorable cutting speed area 
upon which to concentrate, the test specimens were 
machined at various cutting speeds over the rather 
wide range of 100 SFM to 1000 SFM. The speeds 
above 400 SFM proved too rapidly destructive of the 
carbide milling edge to warrant further investigation 
at this time. Upon the elimination of the surface 
speeds over 400 SFM, it was decided to further nar- 
row the test procedure to the application of a lone 
tooth in the form of a fly cutter. 

The progress of the flank wear land was measured 
at suitable intervals by use of a X40 toolmaker’s 
microscope. The time of cutting per pass was mea- 
sured by chronometer, and actual cutting time per 
cut was calculated by multiplying total cutting time 
per pass by a cutting arc factor. The cutting arc 
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factor is the ratio of the cutting arc diameter to the 
depth of cut, the result being the actual fraction of 
total arc per revolution used in cutting per revolu- 
tion. The resulting time for one tooth was then ex- 
panded by multiplying time per tooth by the total 
number of teeth to be employed commercially and 
dividing this figure by the cutting arc factor of ma- 
chines in the field to come up with the total cutting 
time per blade. 

On the basis of test cutting done thus far, the best 
overall results were achievedwith the single toothed 
fly cutter at 257 SFM, 1.375 IPM (inches per min- 
ute) and 1-in. depth of cut, inserted with tungsten- 
carbide 55A (Carboloy). Tool design considerations 
of the test cutter limits the depth of cut to a maxi- 
mum of 1 in. 

The test results, shown in tabular form, Tables V 
and VI, are for the best overall results and as such 
serve aS an example of the manner in which all test 
data were compiled. 


The data in Tables V and VI was so calculated as 
to be applicable to both the field cutter currently 
employed by industry and to a proposed field cutter. 
The results of these calculations are shown in 
Table VI. 

While it is still too early to draw any conclusions 
regarding optimum conditions for machining slate, 
results to date have been very encouraging. 


CONCLUSIONS 


New developments in the sawing of dimension 
stone have centered largely in prototype testing of 
rotary and chain saws in slate quarries. Labora- 
tory work is underway to investigate the penetra- 
bility and machinability of slate. Discovery of the 
fundamentals involved in the cutting of stone will 
permit faster development of commercial in-place 
sawing machines to take place. 
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IMPROVED METHODS FOR UPGRADING CLAYS 


Prior to this time, ample supplies of high grade mineral fillers, such as 
clay, have been available close to consuming centers. Now depletion of 
these accessible deposits, coupled with other factors such as increasing 
demand due to population expansion and standard of living rise, has made 
development of upgrading techniques attractive to producers. Various in- 
vestigations being carried out by the U.S. Bureau of Mines are described. 


actors making the development of improved meth- 
ods for upgrading clays attractive to producers 
include: depletion of accessible deposits of high- 
grade clays, rising transportation and labor costs, 
more exacting specifications, and increased demand 
resulting from an expanding population anda con- 
stantly rising standard of living. Industry recog- 
nizes the need for upgrading presently unusable ma- 
terials and has cooperated with the U.S. Bureau of 
Mines by providing samples from submarginal de- 
posits and by evaluating the products that USBM up- 
grades. Following are some examples of recent clay 
beneficiation work by the Bureau. 


FIRE CLAY BENEFICIATION 


At the Rolla Metallurgical Center, Rolla, Mo., the 
Bureau is conducting research to develop technically 
and economically feasible mineral-dressing methods 
to remove quartz, pyrite, and other impurities from 
submarginal fire clays. The research has been 
spurred by the growing shortage of high-grade bur- 
ley, flint, and plastic clays in the Missouri fire-clay 
district resulting from increased consumption and 
the low rate of discovery of new deposits of ade- 
quate quality. There apparently is ample tonnage of 
submarginal flint and plastic clays to maintain the 
industry for many years if such material can be up- 
graded to commercial quality. 

Samples have been submitted to USBM by several 
major producers of refractories, including A. P. 
Green Fire Brick Co.; Harbison-Walker Refrac- 
tories Co.; Mexico Refractories Div., Kaiser Alu- 
minum and Chemical Corp.; and Wellsville Fire 
Brick Co. Research on some samples has been 
completed and still is in progress on others. The 
Bureau has found that specimens containing quartz 
or pyrite in grains coarser than the accompanying 
clay generally can be upgraded either with a gravity 
table or hydraulic cyclone. The improvement in 
quality is notable not only in chemical analysis but 
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in an increase in pyrometric cone equivalent (PCE) 
of one or more cones. 

As an example, consider the results attained on a 
sandy flint—a fine-grained mixture of kaolin and 
halloysite with quartz and minor quantities of iron 
and manganese oxides. Chemical analysis was: 

35.4 pet alumina (A1,O,) and 47.8 pct silica (SiO,). 
The sample contained 9.2 pct free silica as quartz. 
The PCE was 33. 

The sample was crushed to -10-mesh, blunged 
with water, and then stage-ground to -48-mesh. The 
ground sample was tabled to yield a clay fraction 
containing 37.6 pct Al,O,, and 45.3 pct SiO, of which 
2.4 pet was free silica. The PCE was 34. Recovery 
of alumina by this process was 73.6 pct. 

Concentration of the same clay in the hydraulic 
cyclone was even more effective in respect to quartz 
removal. The clay fraction analyzed 38.6 pct Al,O,, 
45.0 pct SiO, of which 0.5 pct was free silica as 
quartz, and had a PCE of 34. Recovery of alumina 
was 71.9 pct. 

The hydraulic cyclone was also effective in re- 
ducing the pyrite content of a plastic clay which like- 
wise was a mixture of kaolin and halloysite, plus 
some pyrite, quartz, and carbonaceous material. It 
analyzed 30.6 pct Al,O,, 52.3 pct SiO,, 2.3 pct Fe,O,, 
and 0.76 pet S. The sample was blunged and screened 
through 10-mesh to remove some coarse pyrite, then 
ground to —65-mesh and cycloned to remove most 
of the remainder. The final product recovered 81.8 
pet of the alumina at a grade of 32.3 pct Al,O,, 50.9 
pet SiO,, 1.4 pct Fe,O,, and 0.1 pct S. The PCE was 
32-1/2, compared with a PCE of 31-1/2 for the crude 
clay. 

The fine beneficiated clays, of course, must be 
pelletized and dried or fired to meet commercial 
acceptance. This operation has already been solved 
by industry. 

Little progress has been made on two remaining 
problems. One is that of fine-grained impurities, 
not separable by table or cyclone. Flotation is being 
investigated to solve this. Although fine pyrite is 
readily rejected, a satisfactory quartz-clay separa- 
tion has not been attained. 

The second problem, a stubborn one, is that of 
alkali. Samples containing as much as 5 pct potas- 
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sium oxide (K,O) have been received at the Bureau’s 
Rolla Station. Much of the potassium comes from 
illite, but the source of the remainder has not been 
ascertained, Base-exchange from solutions and 
with ion-exchange resins has been used to make 
partial reduction of the alkali in a few clays. Elec- 
trodialysis has had little effect on the potassium 
content. The Bureau now will attempt to apply the 
destructive effects of ultrasonic energy to open up 
the clay and make it more receptive to some of the 
other processes. 

While the objective of this work is to improve 
the refractory properties of submarginal fire clays, 
the techniques could be applied to filler clays. 


FINE GRINDING OF PAPER CLAYS 


Kaolinitic clays from the southeast have been the 
major source of paper filler and coating clays in 
the U.S. Commercial paper filler clays may con- 
tain from 35 to 60 pct by weight of material coarser 
than 2 uw equivalent spherical diameter (esd). Com- 
mercial coating clays contain from 70 to 90 pct by 
weight of material finer than 2 up esd. One quarter 
to one half the clay mined for paper-coating clays 
must be rejected for this use because it contains 
an excess of material larger than 2 yu. This rel- 
atively coarse clay is suitable for lower value 
paper-filler clay, but there is not a market for all 
that is produced. The Bureau estimates that the 
reserves of paper-coating clays in the southeast- 
ern U.S. could be increased as much as 25 pct if an 
economical method could be developed to grind the 
rejected clay. 

Existing mills for reducing the particle size of 
solids to extreme fineness—pebble, ball, tube, 
colloid, and roller mills—have disadvantages: low 
production rate, high power consumption, large in- 
vestment cost, poor grinding efficiency, or con- 
tamination of product. One of the problems con- 
fronting the Bureau at its Tuscaloosa Research 
Center, Tuscaloosa, Ala., has been to develop a 
fine-grinding process using simply constructed 
low-cost equipment. 

Initial grinding tests on the coarse kaolin were 
made in a small pebble mill, in a high-speed 
blender, by ultrasonic treatment, in a colloid mill, 
and in a Bureau-designed attrition grinder. The 
most promising results came from the attrition 
grinder. The basic design of the machine used in 
the work was first described in 1939 by J. E. Nor- 
man and O. C. Ralston of the USBM.’ While using 
this machine as a scrubber for cleaning mineral 
surfaces in the original study they observed that 
the particle size of talc was reduced when subjected 
to attrition with granular garnet and water. A detail 
account of the machine was given in a paper by John 
Dasher and O. C. Ralston.? 

In the recent investigation, more than 70 attrition 
grinding tests were made in a small laboratory 
model scrubber, studying various conditions of pulp. 
These tests indicated that optimum production of 
-2 u clay required a 30-min contact time, a high 
ratio of grinding medium to clay, a high pulp den- 


208 


sity, and complete dispersion of the pulp. 

Further tests on coarse kaolin were made in a 
larger attrition grinder modified to enable con- 
tinuous grinding, and the products were evaluated 
for use in paper coating. A substantial decrease 
was obtained in particle size, and gloss and white- 
ness were improved. The grinding resulted ina 
slightly higher clay-water viscosity, but the in- 
crease would not preclude use of the clay for paper 
coating. The tests indicated that the quantity of new 
surface produced by grinding was a function of the 
power consumed, and that power consumption was 
not excessive. 

Further details concerning the process for wet 
grinding solids to extreme fineness are given ina 
1960 USBM report by I. L. Feld, T. N. McVay, 

H. L. Gilmore, and B. H. Clemmons.? 


PRODUCTION OF PAPER CLAYS 
AND SILICA SAND 


The Bovill clay deposit in Latah County, Idaho, 
was discovered by USBM and the Geological Sur- 
vey in 1943 during an extensive wartime search for 
high-alumina clays suitable for alumina and alu- 
minum production. In 1953, as a result of a study 
of the clay resources of the Pacific Northwest, some 
additional exploration was carried out by the Bureau 
from its Seattle, Wash., Station. This preliminary 
study attracted the interest of J. R. Simplot Co., 
Boise, Idaho, and resulted in an agreement in 1956 
between the company and USBM to evaluate the Bo- 
vill clay deposit as a source of high-quality clay. 
The cooperative work has led to the exploration and 
development of two commercial products from this 
deposit—a high-grade silica sand and a clay suitable 
for use by the paper industry. Production of these 
materials in a plant under construction by Simplot 
will alleviate partially the acute shortage of glass 
sand in the Pacific Northwest and also will supply 
clay for the paper industry for the first time from 
local sources. 

The quartz-to-clay ratio varies considerably 
over the deposit and areas high in clay and high in 
sand will be mined separately. Feed to the clay 
plant will be about 350 tons per 24 hr. The clay 
will be recovered by conventional methods with 
size separations made by sedimentation accelerated 
by selective flocculation. Selective flocculation is 
used to obtain relatively uniform size clay particles 
and thus maintain a clay product of high reflectance. 
The coarse sizes (over 15 yw) and the extremely fine 
sizes (-0.2 4) are removed and discarded. The 
relatively high percentage of ferric oxide in the ex- 
tremely fine size fraction makes its removal neces- 
sary. The sand receiving circuit will be entirely 
separate from the clay processing unit. Provi- 
sions for interchange of clay from the sand plant 
and sand from the clay plant, however, are being 
made. 

The sand will be cleaned in scrubbers and sep- 
arated into the following mesh sizes: 28, 48, and 
-100-mesh. Final beneficiation of the sand will be 
by high-tension separators, followed by electro- 


magnetic roll-type separators to remove the basal- 
tic glass in some of the sand. The high-tension ap- 
paratus will be partly evacuated to remove the 
muscovite which remains in suspension in the high- 
tension electrical field. The use of high-tension 


separators for removal of feldspar and some fer- 
ruginous minerals is unusual; removal of a mus- 
covite concentrate by partial evacuation of the high- 
tension separator is unique. Primary feed to the 
sand circuit will be about 35 tph. 
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SYNTHETIC MULLITE AS A CERAMIC RAW MATERIAL 


Various grades of synthetic mullite have been developed in recent years to 
veplace or supplement natural sources of mullite derived from the mullite 
group of minerals consisting of sillimanite, kyanite, and andalusite. Raw 
materials and heat treating processes used in making synthetic mullite are 
described. Chemical and physical data are given for typical grades and 
crystalline structure is illustrated with micrographs. Use of synthetic mul- 
lite as a refractory material in the glass and metallurgical industries is 


discussed. 


Mane (3A1,03:2SiO2), the only stable com- 

pound formed in the alumina-silica system, is usu- 
ally present to some degree in all aluminum silicate 
ceramic products. The formation of mullite is con- 
sidered beneficial to give rigidity to the structure 
and is dependent upon the ratio of Al,O3 to SiOz in the 
original composition, particle size, degree of mixing, 
firing temperature, cooling rate, and the presence of 
auxiliary glass-forming fluxes. Mullite may also be 
formed at the reaction interface of fire clay or alu- 
mina-type refractories in contact with glass or slag 
melts. 

The term synthetic mullite is commonly used today 
to identify a class of sintered and fused aggregates or 
grains in the alumina-silica system having a highly 
developed mullite structure but derived mainly from 
raw materials other than the sillimanite group of min- 
erals. Within the past 15 years extensive research 
has been done to develop economical processes to 
form sintered synthetic mullite aggregate to replace 
calcined Indian kyanite in super-refractories. Sev- 
eral brands of such mullite are now being produced 
in commerical quantity and finding extensive use in 
refractories. Based on the service results of such 
refractories in many applications throughout the 
metallurgical, ceramic, and glass industry these de- 
velopments have been considered successful and suit- 
able substitutes for Indian kyanite now appear as- 
sured. 


EARLY DEVELOPMENT 


The conversion of kyanite, sillimanite and anda- 
lusite minerals of the sillimanite group to mullite 
and their use in refractories and porcelain have been 
discussed quite extensively in the literature by Peck,’ 
Grieg,” Riddle and Foster,’ Bowen and Grieg,* and 
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others and will only be mentioned here for reference 
to compare properties with synthetic mullite. 

In 1928, Curtis” reported on the development of a 
high temperature gas-converter process for form- 
ing synthetic mullite. The raw materials were de- 
rived mainly from lumps of high alumina clay of the 
correct natural composition or blends of clays and 
alumina that was interground and briquetted to form 
a suitable charge to maintain a surface combustion 
firing within the converter. Curtis was, no doubt, 
the first to illustrate by micrographs in natural color 
the crystalline structure of mullite derived from ky- 
anite and mullite derived by sintering clay and alumi- 
na mixtures at temperatures above cone 32 (3123°F) 
and by electric fusion. In 1937, Seil® was issued a 
patent covering the use of a mixture of alumina-silica 
minerals and alumina in the proportion to form a 
mullite-yielding material at temperatures in excess 
of 3100° F. 

During the period from 1930 to 1940, economic 
conditions were not favorable for the production of 
synthetic mullite mainly due to an adequate supply 
of good grades of Indian kyanite ore suitable for con- 
version to mullite. Uncertain conditions on availabil- 
ity of the Indian kyanite during the early stages of 
World War II fostered further study on the develop- 
ment of synthetic substitutes. In 1943, McVay and 
Wilson’ reported on an extensive investigation of do- 
mestic substitute materials. Their work covered es- 
sentially the use of mixtures of electric furnace mul- 
lite, calcined topaz, and calcined domestic kyanite. 
Compositions were found that gave equivalent or bet- 
ter hot load strength than Indian kyanite in mullite- 
type brick compositions; however, the calcining of 
the topaz presented certain physical and chemical 
problems on the disposition of silicofluoride and hy- 
drofluoric acid while the high cost of electric fur- 
nace mullite was a limiting factor. In this work it 
was pointed out that water-quenched fused mullite 
was found to be unstable on reheat and gave poor hot 
load strength due to excessive glass present whereas 
the slow cooled or annealed mullite contained large 
crystals of mullite and corundum with little glass 
and gave superior results. 


Following World War II, the Indian Government 
placed export restrictions on the fine grain massive 
kyanite of the Lapsa Buru area. This action resulted 
in a price increase of the lump ore to a level where 
it became economical to consider synthetic substi- 
tutes. The use of such materials as kaolinitic baux- 
ite, chemical grade bauxite and clay, kaolin and alu- 
mina, and finely ground domestic kyanite became the 
basis for further experimental development. 


KAOLINITIC BAUXITE 


Extensive deposits of a siliceous type bauxite oc- 
cur near Eufaula, Ala., having a silica content rang- 
ing from 15 to 18 pct. Due to the high silica content, 
this type of bauxite is not of interest for chemical ex- 


traction of Bayer-type alumina for the metal industry. 


Physical and thermal analysis studies of this baux- 
ite have shown it is composed of a mixture of kaolin- 


ite and gibbsite in a finely divided and intimately com- 


bined state and has sufficient plasticity for extrusion. 


The chemical analysis of the bauxite is extremely low 


in alkali and alkaline earth elements. The major im- 
purities being iron oxide and titania compounds which 
are fairly well dispersed except for occasional lumps 
of nodular limonite which can be disintegrated by fine 
grinding. 

It was found in the investigation that extruded do- 
bies of this bauxite when fired to a minimum temper- 
ature of 2800°F developed a highly mullitized struc- 
ture. Petrographic analysis contained over 85 pct 
mullite, a minimum of glass, and closely approached 
the favorable analysis of converted Indian kyanite 
(Table I). The presence of the iron oxide and titania 
impurities were thus recognized to perhaps have a 
mineralizing effect on promoting mullite develop- 
ment. The bauxite undergoes a high volume shrink- 
age on sintering but becomes stable at about 2800°F 
with little change occurring at elevated temperatures. 
A dense structure having an apparent porosity in the 
range of 4 to 6 pct is thus attained which produces a 
very angular aggregate on crushing. 

Further tests showed that this aggregate when 
processed into a brick structure contribute physical 


Table I. Typical Chemical and Physical Properties of Mullite Made by Calcining or Sintering Various Raw Materials 


Kaolin-Alumina 


Converted Eufaula 
Indian Kyanite Bauxite No. 1 No. 2 No. 3 
Chemical Composition 
A1,0,, pet 62.80 74.04 68.74 74.35 
SiO,, pct 34.55 22.00 24.37 29.34 24.02 
Fe,0,, pct 0.62 1.20 0.44 0.42 0.34 
TiO,, pct 1.38 2.84 0.78 0.92 0.45 
CaO, pct 0.21 0.05 0.04 0.28 0.04 
MgO, pct 0.18 0.06 0.001 0.28 0.21 
Alkali, pet 0.26 0.15 0.32 0.06 0.41 
Jeo ID 38 39 39 to 40 39 39 to 40 
Sintering temperature, °F 2600 2800 3200+ 3200+ 3275 
App. porosity, pct 10 5.0 0.6 VOE7 13.8 
Bulk density, g per cu cm MSS) 2.90 2.94 2.94 3.00 
Petrographic Analysis 

Mullite, pct 85 85.2 87.4 87.4 95.0 
Glass, pct 5 3.0 
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Figs. 1-3—Calcined Indian kyanite. All micrographs at X80, crossed nicols, selenite plate. Originals re- 
duced approximately 20 pet for reproduction. Fig. 1 (left)—Thin section showing a coarse grain radiating 
mullite structure. Fig. 2 (center)—Thin section showing a fine grain, interlocking mullite structure. Fig. 
3 (vight)—Sample of —80 mesh showing mullite structure. Large grains are opaque with mullite structure 
showing up on thin edges. 


ture. 


properties quite comparable to that of the premium 
grade brick made of calcined Indian kyanite. After 
several years of service testing this type of raw 
material was adopted as a commerical product in 
1949 for the production of mullite refractories. 

Synthetic mullite is also produced by several other 
major refractory companies by sintering run-of- 
mine Eufaula bauxite in rotary kilns. In this type of 
operation a rounded shape aggregate is formed by 
the tumbling action within the kiln. 


BAUXITE AND CLAY MIXTURES 


Chemical grades of bauxite such as the Demerara 
and Surinam types from South America were investi- 
gated, by the writers in 1952, as alternate sources 
of supply to supplement the Eufaula bauxite. Due to 
the low silica content and high iron oxide and titania 
impurities, these bauxites convert to alpha alumina 
and a high glassy phase when calcined at tempera- 
tures in excess of 2800° F. 

A stoichiometric composition containing 72.5 pct 
Surinam bauxite and 27.5 pct ball clay was first 
studied for mullite development. The bauxite was 
ground to 20 mesh and then intimately mixed with 
clay and extruded. After calcining at 3100° F, the 
mullite content was found to be only 64 pct. Finer 
grinding of the bauxite to 200 mesh did not appear 
to improve mullite development. Combinations of 
Surinam bauxite, Eufaula bauxite, and clay were also 
studied with little improvement in mullite develop- 
ment. 

It has recently been reported that Lindsay® has de- 
veloped a high mullite aggregate from a mixture of 
clay and selective grades of Demerara bauxite and 
a commercial installation is planned for producing 
synthetic mullite near the mine in British Guiana. 


Figs. 4 and 5—Sintered Eufaula bauxite. 
Both micrographs at X80, crossed nicols, 
selenite plate. Originals reduced approx- 
imately 20 pct for reproduction. Fig. 4 
(left) —Thin section showing fine grain, 
interlocking mullite structure. Fig. 5 
(right) —Sample of -80 mesh showing 

fine grain, interlocking mullite struc- 


KAOLIN-ALUMINA 


The use of kaolin-alumina mixtures calcined at 
2700° F to form what was originally believed to be 
sillimanite (Al2O3-SiOz) for addition to high tempera- 
ture porcelain was reported by Riddle and McDaniel,” 
Blaininger and Riddle,’° and others in 1918 and 1919, 
respectively. The discovery of a suitable domestic 
supply of andalusite in 1919 in California served the 
immediate need for the sillimanite-forming material 
in ceramic bodies at that time and delayed further 
development of the sintered kaolin-alumina aggre- 
gate until the period following World War Il. When 
development work was resumed in this field, com- 
positions equivalent to true mullite of the formulae 
3A1.03°2SiO2 were investigated primarily for heavy 
refractory use. 

In one series of tests” it was observed that a kao- 
lin-alumina mixture when heated to 2900° F developed 
only 70 to 75 pct mullite which appeared as small 
nuclei crystals within the structure. When the mix- 
ture was sintered at 3100° F, the mullite development 
increased to 85 pct and was observed to be fairly uni- 
form and occurred as rectangular crystals or as e- 
longated, lathe-shaped crystals interlocked and 
knitted together throughout the crystal-glass ma- 
trix. As the burning temperature was increased to 
3300° F, the crystals became larger and some fusion 
of the edges was observed. 

In order to promote a high mullite development at 
lower temperatures, to reduce manufacturing costs, 
extensive work was done to study the effect of addi- 
tives or mineralizers such as titania, iron oxide, 
boric acid, and sodium, potassium, and lithium com- 
pounds. The results of work reported by Moore and 
Prasad” in 1955 showed that mullitization can usu- 
ally be increased by the addition of 0.5 to 1.0 pct of 
the mineralizer but higher additions may suppress 


2No. 1. All micrograp 


hs at X80, crossed nicols, selenite plate. Orig- 


inals reduced approximately 20 pet for reproduction. Fig. 6 (left)—Partially sintered thin section showing 
small nuclet crystals of mullite. Fig. 7 (center)—Thin section sintered above 3200°F showing fine grain 
interlocking mullite structure. Fig. 8 (right) —Sample of sintered, -80 mesh, showing fine grain, interlock- 


ing mullite structure. 
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the mullite development with increase in the glassy 
bond. High glass development within the mullite 
structure means poor load-bearing resistance of the 
refractory. For this reason it has been necessary 
for commercial producers to consider high-purity 
raw materials and a high sintering temperature to 
develop a stable mullite structure for use in refrac- 
tory-type products. Kaolins containing low alkalies 
and finely ground Bayer-type alumina are thus the 
preferred raw materials to produce a white to off- 
white grade of mullite. 

The physical and chemical properties of three 
commercial brands of pure grade sintered syn- 
thetic mullite as compared to calcined Indian kya- 
nite and sintered Eufaula bauxite are given in Table 
I. Type No. 1 is a dense vitrified grade produced 
from kaolin and alumina by plastic extrusion to form 
cylindrical slugs which are fired in a special contin- 
uous kiln at temperatures in excess of 3200° F. This 
grade produces a very splintery and sharp aggregate 
on crushing. 

Type No. 2 is a dense grade produced from kaolin 
and alumina by forming pellets in a drum pelletizing 
machine and calcining in a rotary kiln at a tempera- 
ture of 3200° F. The pelletizing operation produces 
a rounded shape aggregate which is partially re- 
tained even after crushing. 

Type No. 3 is a dense grade having some micro- 
porosity produced from kaolin and alumina with the 
addition of domestic kyanite. The mix is plastic ex- 
truded into brick shapes and sintered in a periodic 
kiln at 3275° F. The addition of the kyanite prevents 
vitrification to produce a more porous aggregate 
similar to that of calcined Indian kyanite. 


DOMESTIC KYANITE 


The development of a dense sintered aggregate 
based mainly on domestic kyanite has long been of 
potential interest to mullite refractory producers. 
The United States has unlimited reserves of kyanite- 
bearing ores but unfortunately the ores must be 
crushed and ground to 35 mesh to liberate the kya- 
nite from associate minerals. Commercial grades 
of domestic kyanite are now used extensively in mak- 
ing refractory cement, as a fine fraction in mullite 
mixes, and as additives in other ceramic composi- 
tions. 

Densification studies on domestic kyanite were 


reported by Wilson and Bole’® in 1958. In their 
studies it was found that the raw kyanite must be 
ground to pass a 325-mesh screen to obtain density, 
due to the inherent property of expansion of coarser 
kyanite. This investigation was limited to firing tem- 
perature studies up to 2850° F. It is evident that more 
favorable results could be obtained by higher firing 
of the kyanite aggregate. 

Svikis and Phillips** in 1956 reported on the use of 
phosphoric acid to obtain dense aggregate from a 
Canadian kyanite concentrate. In this work they were 
successful in obtaining a vitrified aggregate using 
200-mesh raw kyanite with 4 to 8 pct phosphoric 
acid addition at a temperature of 2800° F. The mul- 
lite formation was found to be only about 70 pct devel- 
oped with excessive glass present. Since the kyanite 
contained only 59.5 pct alumina, additional alumina 
was considered necessary for optimum mullite de- 
velopment. Svikis” in 1959 reported on further stud- 
ies covering the addition of alumina and decreasing 
amounts of phosphoric acid to develop a more stable 
structure. In this work, firing temperatures of 3000° 
to 3170° F were required to obtain a dense structure. 
Physical property data obtained on brick made from 
the aggregate showed that the addition of alumina im- 
proved hot load subsidence at 2900°F. The addition 
of phosphoric acid had a detrimental effect on hot 
load subsidence and should be kept to a minimum for 
optimum results. From this work the use of fine 
particle size and higher sintering temperatures of 
the kyanite-alumina mixture is evidently required to 
produce a mullite aggregate equivalent to that ob- 
tained from kaolin-alumina at temperatures of 
3200°F. 

Commercial grades of domestic kyanite contain 
substantial iron oxide and titania impurities which 
would have to be reduced to obtain an aggregate as 
pure as that obtained from the kaolin-alumina mix. 
In view of the need for higher purity and finer grind- 
ing of the kyanite, the economics of using kyanite- 
alumina mixtures does not appear as attractive as 
the present kaolin-alumina processes. 


FUSED MULLITE 


Electric furnace mullite differs from the sintered 
mullite mainly in size and orientation of the mullite 
structure. In making fused mullite, alumina-silica 
raw materials are periodically changed into an arc- 
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Figs. 9-11—Electric-furnace mullite. All micrographs at X80, crossed nicols, selenite plate. Originals 
reduced approximately 20 pct for reproduction. Fig. 9 (left)—Thin section showing massive shaft struc- 
ture. Fig. 10 (center)—Thin section showing a cross section view of shaft structure. Fig. 11 (right) — 
Sample of —80 mesh showing macrocrystalline structure. 
|| 


type electric furnace to form a melt which is then 
cast into ingots or allowed to cool in the furnace. 
The cooling or annealing rate must be so controlled 
to develop an optimum mullite structure with min- 
imum glass between the crystals. As a result, the 
mullite crystals grow to macro proportion to give a 
coarse, fibrous structure. 

Two general types of fused mullite are commerci- 
ally produced differing only in chemical purity, Table 
II. A pure grade product made from Bayer alumina 
and silica sand will contain less than 1.0 pct iron 
oxide, titania, and alkaline impurities. An impure 
grade containing 3 to 4 pct iron oxide and titania im- 
purities is obtained by using calcined Eufaula baux- 
ite or appropriate mixtures of calcined bauxite of 
the Demerara type and calcined clay or silica sand. 

The fusion process of producing mullite provides 
a wider choice of raw material and grain size than 
the sintering process because of the intimate fusion 
and mixing that takes place within the furnace. Thus 
with an appropriate furnace charge and proper an- 
nealing, high mullite development may be obtained 
in the final product. Because of higher production 
costs over sintered mullite processes, the applica- 
tion of the fused mullite grain in refractories and 
other ceramic products must be based on benefits 
derived from its inherent physical structure. 


IDENTIFICATION OF MULLITE 


Mullite crystalline structure is easily identified 
by petrographic examination of thin sections or 80- 
mesh particles prepared from the sintered aggre- 
gate. Well developed mullite usually occurs as an 
interlocking needle-like structure in synthetic ag- 
gregate. The size of the crystals may indicate to 
some extent the degree of heat treatment with size 
increasing to macro proportion in the completely 
fused grain, however, this is not a positive indica- 
tion as a high amount of fluxes or glass may also 
promote large mullite grain development. The crys- 
tals may be further identified by its strong birefring- 
ence in polarized light and by its characteristic plea- 
chroism effect. Alpha alumina and interstitial glass 
usually occur associated with the mullite. 

A standard method for the determination of the 
amount of mullite, alpha alumina, and glass within 
the structure has been the subject of much discussion 
and is still in need of clarification. Some workers 
have suggested a chemical method by which the mul- 
lite aggregate is first reduced to pass an 80-mesh 
screen and then treated with hydrofluoric acid solu- 
tion to dissolve the glassy phase and chemically an- 
alyze the residue for silica from which the theoret- 
ical proportion of mullite can be calculated and the 
difference indicated as corundum. The use of 1 to 15 
pet hydrofluoric acid solution has been reported in 
this method.#® The accuracy is subject to variation 
in particle size of the mullite, partial solution of 
the fine mullite, and the additional fact that the mul- 
lite crystal may vary from theoretical composition 
by taking up either silica or alumina into solid solu- 
tion in the matrix.” 

X-ray diffraction methods have been used to iden- 
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Table Il. Typical Chemical and Physical Properties 
of Fused Mullite 
Alumina-Silica Types 
Bauxite 
Types No. 1 No. 2 
Chemical Composition 
Al,0O,, pet 68.3 76.99 
SiO,, pct 26.6 27.45 21.94 
Fe,O,, pct 1.4 0.43 0.34 
TiO,, pct 2.8 0.12 0.12 
CaO, pct 0.1 0.10 0.10 
MgO, pct 0.1 0.01 0.10 
Alkali, pct 0.4 0.16 0.40 
PCE 39 39 to 40 39 to 40 
App. porosity, pct 1.6 0.5 - 
Bulk density, g per cu cm 3.05 3.07 - 
Petrographic Analysis 
Mullite, pct 97.9 92.1 90.2 
Alpha alumina, pct 0.0 2.0 thee. 
Glass, pct 0.6 5.9 225 
Opaque Phase, pct 15 


tify mullite and corundum; however, it is difficult to 
detect corundum in well developed mullite by this 
method. Using a fluorite internal standard for com- 
paring the intensities of the mullite and corundum 
lines, Moore and Prasad” determined mullite and 
corundum phases to an accuracy of +3 pct provided 
the crystalline material present was not less than 

5 pet. 

The use of the petrographic microscope has been 
used extensively by Durbin*® for area counts to cal- 
culate the mullite. This is a tedious method and re- 
quires considerable skill on the part of the petrog- 
rapher to develop accuracy in the analysis. How- 
ever, reproducible results have been obtained. The 
percentage of mullite, corundum, and glass given in 
Tables I and II were determined by this method. 


USE OF SYNTHETIC MULLITE 


The initial use of mullite-type refractories made 
from Indian kyanite was based on its superior per- 
formance over the typical superduty and high alumina 
grades when in contact with molten metals, slags, 
glasses, alkaline volatiles and dust, and the better 
volume stability at high temperature. Thus the eval- 
uation and application of synthetic mullite refracto- 
ries has been based predominately on the physical 
and chemical properties of the Indian kyanite-type 
refractory and its service results over the past 30 
years in glass, metallurgical, and ceramic applica- 
tions. 

The principal use of synthetic mullite is for the 
graded fractions to replace calcined kyanite in com- 
positions for making super-refractory brick, ram- 
ming mixes, etc. The properties of such refracto- 
ries maybe improved or altered to meet service con- 
ditions by proper choice or blends of the mullite ag- 
gregate as well as variation in grain size distribu- 
tion, type of bond, forming method, and firing tem- 
perature. The manufacturer’s skill in processing the 
refractory to fit a given application may thus be more 
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critical than the type of mullite aggregate used in the 
finished product. 

The trend toward higher temperatures plus in- 
creased labor costs economically permit the use of 
mullite refractories today in many industrial appli- 
cations. In the metallurgical field, mullite is ex- 
tensively used in electric furnace roofs, hot-metal 
mixers, heating furnaces, and low-frequency induc- 
tion furnaces, and is currently being considered for 
lining blast furnace stoves and in sections of the 
blast furnace. 

In the glass industry, mullite is used in the upper 
structure of the glass tank and for constructing the 
drawing chambers of the furnace. Ceramic applica- 
tion includes kiln setting slabs and posts for firing 
ware and in the construction of high-temperature 
kilns. The petro-chemical field utilizes mullite as 


catalyst supports and in lining high-temperature re- 
actors. 


CONCLUSION 


Various grades of synthetic mullite have been de- 
veloped for use as a ceramic raw material to replace 
Indian kyanite. Physical tests and service results 
now assure the availability of mullite-type super- 
refractories from sources other than the sillimanite 
group of minerals. 
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THE SIGNIFICANCE OF MINERALIZED BRECCIA PIPES 


Rpzczelzes breccia pipes, because of their wide- 
spread occurrence and close structural relations 
to some of the world’s great ore bodies, are objects 
of unusual interest for mining engineers and geol- 
ogists. The literature contains many references to 
them, but it is questionable whether their genetic 
significance and economic importance have been suf- 
ficiently emphasized. The purpose here is to stress 
these features, relating them to the field facts, for 
the particular benefit of younger generations of geol- 
ogists who, confronted with and sometimes confused 
by the growing flood of geochemical, geophysical, 
and other specialized research approaches, may be 
reassured that mappable field relations remain a 
foremost guide to a better understanding of ore de- 
posits. 

A mineralized breccia pipe is a pre-mineral, 
breccia structure which has controlled the circula- 
tion and deposition of subsequently introduced 
mineralization. It is composed of relatively ro- 
tated angular or rounded rock fragments, set in a 
mineralized matrix. A pipe in plan outline may be 
circular, oval or approach polygonal form, with a 
steep to vertical axis proportionately much greater 
than its horizontal dimensions. The pipe is a steeply 
plunging, chimneylike mass of brecciated rock 
cemented with later minerals. 

Rock breaks in a variety of ways and complete 
fragmentation often occurs without rotation of indi- 
vidual pieces. A finely broken rock mass may fit 
into a tight jig-saw pattern, each fragment having 
mutually concordant boundaries with its neighbors. 
The result is a stockwork of innumerable reticulat- 
ing cracks that, once cemented by mineralization, 
forms a complicated intersecting network of individ- 
ually insignificant but collectively important seams 
and veinlets. Stockwork fracturing among its many 
forms takes the shape of domes of subsidence, frac- 
ture pipes, and related peripheral zones around and 
over breccia columns, or a combination of any of 
these structures. 

The significance of the mineralized breccia pipe is 
that it represents the extreme or climactic expres- 
sion of a structural type which has a variety of mu- 
tations including subsidence domes, fracture pipes, 
and other stockwork zones all with related ancestry 
and similar to dissimilar characteristics. These 
allied and associated structures hold an answer to 
the fundamental question of the origin of many im- 
portant ore deposits. 


VINCENT D. PERRY is Vice President and Chief Geologist 
of The Anaconda Co., New York, N. Y. 61178. St. Louis 
Meeting, February 1961. 


216 


by Vincent D. Perry 


CANANEA—TYPE LOCALITY FOR BRECCIA 
PIPES 


The Cananea district is characterized by an un- 
usual development of mineralized breccia pipes. It 
is an important copper producer located in Sonora, 
Mexico, a short distance southwest of Bisbee, Ari- 
zona, and at the southerly limit of the great porphyry 
copper belt of the southwestern U.S. 

Cananea’s rocks consist of Paleozoic quartzite and 
limestone capped unconformably by a thick series 
of volcanics including andesitic flows, tuffs, and ag- 
glomerates. These rocks have been intruded by a 
deep-seated granite with related basic and acid dif- 
ferentiates including dikes and plugs of quartz mon- 
zonite porphyry. Mineralization coincides with a 
northwesterly trending belt of these intrusives which 
break upward into and through the sedimentary- 
volcanic rock sequence. 

The district has weakly defined tectonic align- 
ments in a northwesterly direction with subordinate 
intersecting fracture elements, but lacks important 
faulting or fissuring to provide throughgoing avenues 
for the upward circulation of mineralizing fluids. 
Thus, as will be discussed in subsequent paragraphs, 
the alternate way in which late magmatic and hydro- 
thermal derivatives of the parent magma reached the 
near-surface zone was by excavating their own 
breccia pipe channelways. 

There are numerous Stages of breccia pipe devel- 
opment, related both in time and space to magmatic 
activity. A compilation of similarities and differ- 
ences in various pipes suggests that proximity or 
remoteness of a demonstrable or inferred magmatic 
source provides an orderly genetic basis for de- 
scribing the following representative types. 

Cananea Duluth Type: There are no intrusive rocks 
within or close to the Cananea Duluth pipe; there- 
fore, the existence of any deep-seated magma that 
may have been related to its formation must be in- 
ferred. The structure is an oval-shaped ring 1200 x 
300 ft in plan dimensions, cutting steeply across low 
angle, bedded tuffs, and other volcanics; it has been 
developed by drill holes to a depth of 2000 ft below 
the surface. The ore follows the periphery of the 
pipe and is composed of intensely brecciated rock 
which is cemented by minor galena, sphalerite, 
chalcopyrite, quartz, carbonates, and adularia. 
There is a definite vertical zoning of sulfides with 
less galena, continuing sphalerite, and increasing 
chalcopyrite at deeper levels. Within the interior of 
the ore ring, the brecciation becomes progressively 
weaker and coarser, the whole indicating relatively 
gentle slumping with broken, thin tuff beds pre- 


serving a flat, slab-like orientation within the brec- 
cia. Large vugs, which are often lined with crystals 
of quartz and carbonates, are distributed through the 
central core. 

The influence of tectonic lines of weakness in pre- 
determining the configuration of the walls of a pipe 
is well illustrated by local modification of the outline 
of the structure at deeper levels. The pipe in depth 
assumes a Somewhat angular, polygonal shape de- 
termined by the attitude of regional intersecting 
fracture planes. However, at each intersection the 
pipe boundary curves gradually from one fracture 
plane to the next, thus rounding off the corners and 
preserving a rudely elliptical enclosure. 

Capote Type: The Capote mine had 6ne of Cananea’s 
first high-grade orebodies. On the upper levels, the 
ore was localized as a relatively flat, easterly dip- 
ping, limestone replacement deposit which changed 
downward into a well-developed oval of brecciation 
cutting through an underlying thick section of 
quartzite and continuing into granite. At the deepest 
level (1600 ft below surface) and in drill holes 600 ft 
below the bottom level, the breccia pipe is confined 
to granite wall rock and is filled with sub-angular to 
well-rounded granite and quartzite fragments. Since 
the base of the quartzite formation outside the pipe 
is 1100 ft below the surface, the quartzite frag- 
ments within the breccia chimney must have 
slumped downward a minimum of 1100 ft to reach 
their present location as exposed in the deepest drill 
holes. All the rock fragments are tightly cemented 
with chalcopyrite, bornite, chalcocite, quartz, and 
carbonates. 

These field relations clearly indicate major down- 
ward slumping within the steeply dipping breccia 
walls, and this slumping must have worked upward 
to a few hundred feet below the present surface 
where the highly mineralized Esperanza limestone 
is relatively unbrecciated. Strong hydrothermal 
copper mineralization similar to the type that 
formed the mineral assemblage at Butte, Mont. and 
Bisbee, Ariz., cemented the intensely brecciated, 
rounded and chaotically jumbled fragments in the 
pipe and, extending upward, replaced the over- 
lying limestone. 

The Oversight orebody, 2000 ft southeast of the 
Capote pipe, resembles it in many details. At the 
bottom level 800 ft below the surface, angular to 
rounded limestone fragments from beds several 
hundred feet higher have evidently slumped deeply 
into the pipe. 

The 301 Breccia is another pipe with characteris- 
tics similar to those of the Capote. It is located in 
the southeast part of the district and shows intense 
brecciation with pyrite and quartz, often of vuggy 
character, filling interstices between jumbled angu- 
lar fragments of porphyry and volcanics. The brec- 
cia walls are sharp and converge upward, indicating 
a now eroded dome-like roof a few hundred feet 
above the present surface. The breccia itself is be- 
low commercial grade to depths thus far developed, 
but an adjacent orebearing pipe located several hun- 
dred feet to the north, and a large oval-shaped area 
of highly shattered, chalcocite-enriched porphyry 


and volcanics surrounding both pipes, constitute the 
largest tonnage of open pit copper ore found to date 
at Cananea. Underground, there is an excellent ex- 
posure of a later porphyry dike cutting the breccia 
and indicating late-stage magmatic activity. 

East Breccia Type: Several structures of the East 
Breccia type occur at Cananea. The first of them 
discovered, the East Breccia, is located adjacent to 
and immediately northeast of La Colorada ore pipe 
and occurs within a zone of contact brecciation in 
which irregular tongues and dikes of quartz monzo- 
nite porphyry penetrate and engulf fragments of 
earlier volcanic rocks. 

A distinctive feature of the East Breccia is its up- 
ward termination as two separate prongs that occur 
beneath a roof of unbrecciated rock. Its easterly 
summit has a dome-like top, capped by unbrecciated 
volcanics, about 400 ft below the present surface; the 
westerly part has a sub-surface apex 800 ft deep and 
lying beneath unbroken quartz monzonite porphyry. 
The two parts extend downward below these apices 
to a junction about 1200 ft below the surface, and at 
deeper levels the whole system is a single pipe with 
plan dimensions approximately 800 x 300 ft. 

The breccia is composed of broken, angular to 
sub-angular fragments of highly sericitized porphyry 
and volcanics cemented together by a fine-grained 
aggregate of granular, glassy quartz, pyrite, chalco- 
pyrite, and molybdenite. 

Much of the ore occurs as secondary chalcocite 
in the breccia at the top of the pipe, and in a stock- 
work fracture zone of unbrecciated rock above and 
Surrounding its cupola-like roof. From an ore con- 
trol viewpoint, the breccia pipe structure and the 
stockwork zone immediately above it are integrated 
into a Single body. At deeper levels, primary chalco- 
pyrite and molybdenite of ore grade occur along the 
easterly margin of the pipe. This primary ore shoot 
tapers downward to non-commercial values, but the 
breccia structure continues in depth. 


GENESIS OF CANANEA PIPES 


The literature contains many references to brec- 
cia pipes. Augustus Locke’ contributed an important 
paper many years ago wherein he concluded that 
they are formed by subsidence caused by a net re- 
moval of rock inside the pipe. He believes the re- 
moval resulted from corrosive action of early solu- 
tions, followed by a cycle of mineral deposition and 
replacement within the column of rock fragments. 

There is abundant field evidence at Cananea to 
support the principle of subsidence, but Locke’s 
theory requires a combination of relatively soluble 
rocks, reactive solutions, and an open system of 
circulation to provide leaching, transportation, in 
addition to excavation and removal of large amounts 
of material to form important breccia columns. 
Solution slumps in limestone, forming ring-like 
zones, may develop by such a process. However, 
there are two critical features of Cananea pipes 
which require a more Suitable explanation. First, 
some of the pipes show remarkably large downward 
displacement of fragments. This fact, combined with 
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und is the concentrator plant which has a capacity of 


16,000 tpd. 


the great volume increase due to intense brecciation, 
calls for removal of large volumes of material. Sec- 
ond, the closed tops of certain pipes demonstrate 
that these large volumes were not evacuated from 
the top of the pipe; the inescapable conclusion is 

that withdrawal must have occurred at the bottom. 

To provide for such removal at Cananea, R. B. 
Mulchay has advocated a subsidence or slump 
mechanism resulting from decreased magma pres- 
sure at localized points above the roof of a batholith. 
He states in an unpublished paper: 

‘It is believed that a more rapid encroachment 
by the magma in a particular area might lead to 
a relative lessening of pressure at other points 
of attack. In these areas of relatively decreased 
pressure, local slumpage of roof rock into the 
magma reservoir could take place and start forma- 
tion of breccia chimneys. Repeated magma advances 
at various points and resultant slumpage in the 
chimneys would eventually extend the breccias to or 
near the surface.”’ 

In the first Jackling Lecture, which was given by 
Reno Sales’ and entitled ‘‘Genetic Relations between 
Granites, Porphyries and Associated Copper De- 
posits,’’ the role of quartz porphyry intrusion as the 
vanguard of the mineralization process is stressed. 
He considers the first break-through of quartz por- 
phyry a critical step in setting up a focal point for 
differentiation of aqueous fluids within the magma. 
Subsequent crystallization of the quartz porphyry 
closed the magma system, permitting further segre- 
gation and concentration of the ore fluids. At Butte, 
these fluids were ultimately tapped by successive 
stages of fissuring; at Cananea there was a lack of 
strong regional fissuring, but in time, vapor build-up 
at high points under the roof of the batholith started 
a collapse process that proceeded simultaneously 
with introduction of the mineralizers. 
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The tendency of Cananea pipes to cluster around 
the margins of intrusive quartz porphyry plugs is an 
indication of close affinity between pipes and in- 
trusives. The youthful stage of magmatic activity 
is a process of rising intensity and upward advance 
along various zones and areas of weakness in the 
earth’s crust. Positive upward surge of the magma 
along preferred structural conduits finally culmi- 
nates in break-through to the surface and volcanic 
activity. This volcanic activity, progressing in time 
and volume, would fundamentally alter the isostatic 
balance in a connected magmatic reservoir. In his 
paper entitled ‘‘Calderas and their Origin,’’ Howell 
Williams® describes volcanic craters as positive 
forms and refers to calderas as collapse or negative 
areas over an exhausted magma chamber. Craters 
typify an active growing period, while calderas 
are a mark of decadence and age. His paper is an 
excellent description of the formation of calderas by 
the withdrawal of magma followed by subsidence and 
ultimate foundering of the roof of the magma cham- 
DEG. 

Volcanic explosion or fissure eruption can cause 
more than simple caldera development. The author’s 
interpretation of Mulchay’s idea of magma with- 
drawal and subsidence is to correlate, in an oppo- 
site or reciprocal sense, repeated pulses of dying 
volcanism and growing internal localized subsidence 
within a single connected magma system. A corol- 
lary is that end-stage aqueous magmatic fluids will 
concentrate from the magma at points of reduced 
pressures near the tops of subsidence columns. 

W. S. Burbank* has described the close space and 
structural relations between the Silverton caldera 
and the breccia pipes of Red Mountain, Colo. Bill- 
ingsley and Locke’ have referred to the repeated 
occurrences of Tertiary volcanic formations in 
proximity to important Tertiary mineral districts in 
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western U.S. The parallelism of the South America 
porphyry copper belt and the adjacent Andean vol- 
canic chain from Peru to central Chile suggests a 
genetic connection between the great ore deposits 
and nearby volcanic features. The regional relations 
suggest volcanic eruption and magma loss as a 
reason for collapse, subsidence, and consequent con- 
centration of mineralizing fluids. The subsidence 
effects, preceded by porphyry invasion, would be 
localized at specific high points controlled by re- 
gional tectonics beneath the hood of the crystallizing 
batholith. Obviously, these conditions and relations 
are not simple, but we may speculate on a number of 
factors, combinations of which account for the indi- 
vidually distinctive character of various subsidence 
structures. 

Withdrawal of magma presumably would upset 
pressure balances and focus subsidence on weak 
points in the roof rock. Net effects would depend on 
a number of conditions, some of which are: 


1) Horizontal area of the unsupported roof. 

a) Withdrawal from the entire reservoir roof 
will cause cauldron subsidence. 

Reduced pressure over a large magma col- 

umn projecting above the general roof will 

produce unit subsidence and domical fractur- 
ing. 

c) Reduced pressure over small cupolas, with 
selective high upward penetration, will cause 
maximum fragmentation, downward slumping, 
and restricted breccia columns. 


b) 


2) Amount of magma withdrawal. 

a) Slight magma withdrawal may be sufficient to 
upset mechanical equilibrium, cause domical 
subsidence, and promote the collection of 
mineral fluids. 

b) Continued withdrawal will further reduce 
pressures and produce intense brecciation 
with additional concentration of end-stage 
mineralizers. 


3) Rate of magma withdrawal. 
a) Rapid removal will produce unit or domical 
subsidence. 
b) Slow withdrawal and pressure reduction will 
permit spalling, fragmentation and breccia- 
tion. 


4) Timing in the magma cycle. 

a) Quartz porphyry intrusion and crystallization 
initiates collection of mineralizers. 

Early subsidence may be slight and cause 

domical fracturing. 

c) Breccia columns above small, localized 
cupolas develop later as reduction of pres- 
sure continues either steadily or inter- 
mittently. 


5) Strength of rock. 

a) Hard, competent rock will favor formation of 
subsidence domes and large voids. 

b) Differential hardness of certain beds or rock 
ribs will provide localized arch resistance 
and subsidence of less competent rocks under 
the arch. 


b) 


c) Planes of fracturing and other lines of struc- 
tural weakness will determine positioning of 
the cupola and will divert, confine, and con- 
trol the subsidence dome or breccia column 
from vertical to an angle of accommodation 
with the force of gravity. 


6) Depth of the cupola with relation to the surface. 
a) Shallow depth with low Superimposed rock 
load will result in maximum open spaces and 
caves. The ‘‘vaulted dome,’’ an open or 
readily dialated space at the base of La 
Colorada, which will be described later, may 
have been a near-Surface phenomenon. 
Medium depth should give reasonably coarse 
to fine brecciation with voids between the 
rock fragments. 
c) Great depth will result in fine fragmentation 
and elimination of voids. 


b) 


7) Break-through of subsidence to the surface. 

a) Presumably upward advance of a caving 
breccia column would come to a halt in com- 
petent rock at some distance below the sur- 
face where rock strength would be sufficient 
to establish mechanical equilibrium and sup- 
port. This situation could explain the ‘‘top- 
ping-out’’ of certain Cananea pipes close to 
the present surface. 

If the overlying rock failed to the surface, 
either crypto-volcanic activity with gas blow- 
out would occur or the magma advance, due 
to load relief, would be resumed, eruption 
would take place, and the breccia pipe would 
be filled wholly or in part by a volcanic neck 
of intrusive rock. 


b) 


8) Amount of vapor release from the magma. 

a) Vapor release conceivably could build up 
sufficient pressure to support the roof and 
terminate slumping and brecciation. 

Vapor pressures could provide an up-thrust- 

ing force capable of rupturing the top of a 

subsidence arch, particularly if the surface 

were close enough to provide relief. 

c) The rebrecciation of rock and its injection as 
a finely comminuted semi-fluid medium is an 
end-stage result of accumulating vapor pres- 
sure and its release. 


b) 


9) Amount of vapor escaping to surface. 
Catastrophic break-through of gas to the sur- 
face could explain the evidence of comminu- 
tion, rounding, chaotic mixing, and churning 
of breccia fragments observed as a late or 
end-stage effect in many pipes. 


Combinations of different factors listed above can 
be correlated on a genetric basis to demonstrate a 
common ancestry for two broad types of mineralized 
subsidence structures. 


1) Mineralized porphyry structures. 
Stockwork fracturing forming a thin and broad 
or deep and narrow domical shell of subsidence 
will occur in competent rock early in the cycle 
with slight but rapid pressure drop over rela- 
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Fig. 2—Origin of La Colorada Ore Pipe. Formation of Pre-Porphyry Ore Dome (Stage 1). Diagram A illus- 
trates intrusion of quartz porphyry magma, followed by pressure reduction and consequent subsidence 
forming a semi-ellipsoidal fracture dome above the magma column. Diagram B shows renewed magma 
advance and crystallization of the porphyry around and above the fracture dome. 


tively large cupolas. The activity is preceded 
by one or more preliminary stages of porphyry 
intrusion. 


2) Mineralized breccia pipes. 
Localized fragmentation, forming steep breccia 
columns, in some cases controlled by tectonic 
zones of weakness, occur later in the cycle due 
to continued but slow reduction of magma pres- 
sure over small areas and at medium to sub- 
stantial depths. 


Cananea’s breccia pipes belong to the latter group 
and are the result of intense local fragmentation 
forming deep-seated subsidence columns along pre- 
disposed lines of structural weakness over restricted 
magma cupolas. The subsurface tops of many pipes 
may be explained as a mechanical phenomenon re- 
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lated to shallow depth. The caving tendency will be- 
come progressively less with decreased rock load 
and may be finally stopped by the superior strength 
of competent rock. Internal support may also come 
from the inflationary pressure of vapors generated 
by the mineralization processes at the top of the 
breccia pipe. 


NATURE AND ORIGIN OF CANANEA’S 
LA COLORADA PIPE 


Among the Cananea breccia pipes, La Colorada 
pipe is distinctive and extraordinary. It combines a 
deep extension of low grade copper mineralization 
typical of porphyry copper structures, an upward 
expanding fracture cone or pipe containing high 
grade sulfide, and a near-surface stockwork of en- 
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Fig. 3—Origin of La Colorada Ore Pipe. Formation of Post-Porphyry Subsidence Dome (Stage 2). Dia- 
gram A portrays renewed magma advance, retreat and renewed subsidence, and ve-breaking of the 
pre-porphyry fracture dome. The consequent upward streaming of aqueous magmatic fluids and dis- 


solved fluids collect under the vaulted arch at the top of the dome (Diagram B). The relation of porphyry 
and deep-seated mineralization below the dome is believed to be one of structural control 


riched secondary ore to make it one of the world’s 


The structural elements of La Colorada ore pipe 
richest and most unusual ore deposits 


. The Cananea have been discussed by this author in the Lindgren 
District has produced 2.8 billion pounds of metallic Volume Ove Deposits of the Western States." The 
copper, and slightly less than half of it has been critical feature of the primary pipe is a dome-like 
mined from La Colorada; its deep unmined down- structure of brecciated volcanics capped by massive 
ward extension contains additional important copper porphyry, which occurs at the base of the high grade 
content. orebody. It separated the ore pipe into upper and 

The field evidence shows a close spatial relation lower structural elements and, when rebrecciated, 
of the orebody to an isolated plug of quartz mon- formed a vaulted dome which became the focal point 
zonite porphyry. The ore fluid, composed of silica for ore fluid accumulation. Within it, the fluids 
copper, iron, and sulfur, with water and other com- segregated into component silica, silicates, and sul- 

ponents, was derived from a deep source within the fides which were injected successively into a sub- 
porphyry. Drilling to an approximate depth of 1500 sidiary fracture cone, approximately 1000-ft high, 

ft below the bottom level, as described by Velasco that formed as a result of stresses produced by ac- 
and Sevilla,® has revealed an important deep down- cumulating vapor pressures above the locus of differ- 
ward extension of low grade copper mineralization. 


entiation. Pegmatitic quartz crystallized as an out- 
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side shell around three-fourths of the periphery of 
the fracture cone. Copper sulfides and molybdenite 
followed the quartz and were deposited as a network 
of veinlets lacing the quartz and wall rock, and as a 
ring of massive copper Sulfides, molybdenite, and 
phlogopite mica inside the quartz shell. The pipe had 
a brecciated core composed of angular fragments of 
masSive copper Sulfides imbedded in a grey, finely 
comminuted matrix. The matrix must have had an 
original extreme degree of mobility in order to per- 
mit its injection under high vapor pressure into the 
various fractures and other zones of weakness in 
which it is found. A coarse, post-mineral breccia 
below ore grade occupies the central core. An annu- 
lar-shaped stockwork of quartz and sulfide veinlets 
extends as a halo above the pipe’s sub-surface apex 
and into the zone of oxidation. Secondarily enriched, 
it is a porphyry-type copper orebody, once mined by 
open pit and underground methods. 

As shown in Figs. 1, 2, and 3, the sequence of 
events in the formation of La Colorada pipe suggests 
interesting possibilities for additional higher grade 
ore. A few of the deep holes have cut short sections 
of breccia, mineralized with quartz, chalcopyrite 
and molybdenite. There is a chance that retrograde 
processes in the late stages of the magma cycle 
favored formation of one or more localized, conven- 
tional type Cananea breccia pipes in or around down- 
ward extension of La Colorada quartz porphyry. 


WORLD-WIDE OCCURRENCES OF 
MINERALIZED BRECCIA PIPES 


A comprehensive summary of pipe occurrences on 
a world-wide basis would fill a volume and obviously 
is beyond the scope of this paper. Within practical 
limits of personal experiences and available field 
data, information and ideas on several kinds of ore 
pipes scattered over four continents are offered with 
reference, in particular, to mechanisms of origin 
related to the Cananea types. 

Uranium- Bearing Pipes of the Colorado Plateau: 
No one familiar with the field relations and with 
the evident complexity of physical and chemical 
factors related to solution, transportation, and de- 
position of uranium minerals, would attempt any 
simple, all-inclusive answer to these problems. It 
is noteworthy that uranium-bearing breccia pipes 
occurring on the Plateau, have certain physical fea- 
tures in common with Cananea breccias and, because 
of the close identification of intrusive activity with 
the Cananea structures, they, too, may have in- 
trusive counterparts. 

The Woodrow Pipe near the Jackpile Mine on the 
Laguna Reservation, N. M., has been mentioned 
briefly by Cook and Wiley.® It is a vertically oriented 
column of brecciated sandstone and shale, circular 
in plan and about 35 ft in diameter. The matrix 
material is massive pyrite and marcasite with an un- 
usually high-grade content of the black uranium sili- 
cate, coffinite. Slumping is indicated by the drag 
direction of the enclosing sedimentary wall rock and 
by evident downward displacement of the brecciated 
column. 
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Jensen® has proposed that the high, variable Ss2/Ss4 
isotope ratio of the Woodrow sulfides indicates a 
non-hydrothermal source for the sulfur. He postu- 
lates the formation of the pipe by solution of under- 
lying anhydrite, upward transfer of the sulfate 
radical, and its reduction to form sulfides. At the 
same time or later, the uranium, derived from an 
original overlying sedimentary source, migrated 
downward into the pipe. With due deference to the 
useful application of isotope ratios as a diagnostic, 
mineralogical tool, it is possible that processes not 
fully understood may modify their application under 
the complex physical-chemical conditions of ura- 
nium ore genesis. 

As an alternate to this proposal and, since dikes 
and plugs of intrusive rock are characteristic of the 
immediate locality, this author suggests that the pipe 
may be related to an underlying intrusive plug, that 
the uranium mineralization is hydrothermal, and 
that the Woodrow Pipe or others like it may have 
been primary conduits for the extraordinary con- 
centration of uranium in the flat sandstone beds of 
the Jackpile mine. 

Comprehensive scientific investigations by Paul 
Kerr’ and associates on uranium deposits of the 
Colorado Plateau lead to the conclusion that there 
is a genetic relationship between pipes, igneous ac- 
tivity and hydrothermal mineralization. 

Diamond Pipes of South Africa: No summary of 
breccia pipe occurrences would be complete without 
reference to the remarkable structures from which 
so many of the world’s precious and industrial dia- 
monds have come. Many ideas for their origin have 
been advanced by men experienced in diamond min- 
ing, and it would be presumptuous to offer more than 
passing comment here, based on limited personal 
observations and references to the literature. 

The Premier Pipe, largest of the great diamond 
pipes, is located northeast of Johannesburg. This 
pipe is in the core of a felsite intrusive which may 
be a sill or lacolith injected into dolomites and po- 
sitioned symmetrically on a nose or dome of the 
regional structure. It is an intensely brecciated, oval 
pipe, 3000-ft long and 1500-ft wide, cutting verti- 
cally through extremely hard, flinty, red felsite. 
Typical Kimberlite ‘‘blue mud”’ carrying the dia- 
monds, varies from finely comminuted breccia along 
the pipe margins to coarser fragments with many 
rounded, cognate boulders in the center. Impressive 
evidence for major slump displacement can be seen 
inside the pipe where a very large and coarsely 
broken mass of Waterberg red quartzite, 1000-ft or 
more in diameter, forms a substantial part of the 
pipe filling. The quartzite block extends to the 1000- 
ft level of the mine and, since the corresponding 
formation outside the pipe has been completely 
eroded from its projected position above the present 
surface, a slump of more than 1000-ft (probably 
closer to 1500-ft) is indicated. Finely comminuted 
‘‘blue mud’”’ traverses the quartzite and has been 
injected sub-parallel to the bedding in a myriad of 
tongues, dikes, and dikelets. Many complex meta- 
morphic minerals are studded through the breccia. 
The field relations favor early slumping followed by 
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Fig. 4—Origin of La Colorada Ore Pipe. Formation of Fracture Cone and High Grade Ore Pipe (Stage 3). 
Diagram A illustrates differentiation of the ore fluids, alteration, weakening and rupturing of the arch, and 
formation of an upward expanding fracture cone. Diagram B completes the sequence by showing relations 
between deep mineralization segregated products in the high-grade ore pipe, the post-mineral brecciation, 
and secondarily-enriched orebody near the present surface. 


dynamic pulverizing, mixing and both upward and 
downward transportation of the brecciated rock 
within the confines of the pipe. As proof of upward 
migration, granite boulders occur within the Kim- 
berley Diamond Pipes 500 ft or more above the 
granite basement. How, then, did the Premier Pipes 
and the other diamond pipes form, and what has 
their process of formation to do with the crystalliza- 
tion of diamonds ? 

Intrusive kimberlite is an integral part of the 
various pipes; it intrudes the ‘‘blue mud”’ and occurs 
as rounded fragments in it. Migration and redistri- 
bution of an underlying deep-seated magma could 
occur on a large scale and would be the basic cause 
for withdrawal and evacuation of a cupola beneath an 
embryonic pipe. Escape and transfer might occur 
through neighboring volcanic vents or fissure outlets 


by means of an interconnected magma system. The 
same Slumping process inferred for Cananea might 
progress over a much greater vertcial range because 
of the profound depth and persistent withdrawal of the 
magma source. The consequent column of caving 
rock would continue to develop upward as long as 
material is removed from below. Sustained action 
might carry the pipe development from great depth 
to a relatively shallow sub-surface apex. If vapor 
pressure builds up in the column of brecciated and 
invaded rock, the head of the column would become 

a center of intensely localized stress which, if re- 
lieved by fracturing, would provide an avenue of es- 
cape or relief to surface. Relief might be of a type 
similar to the process described by Walter H. 
Bucher" for development of crypto-volcanic struc- 
tures. The existence of the enormous block of 
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Waterberg quartzite that chokes the throat of the 
Premier Pipe suggests a mass collapse and piston- 
like subsidence of competent rock into a large void 
or vault which may have existed temporarily under 
a strong arch and in the near-surface zone of low 
rock pressure. Assuming a limited vent, rather than 
complete volcanic eruption and evacuation, onrushing 
gases, restricted by friction at the orifice, would 
provide a medium for violently agitating and mixing 
both upward and downward the pulverized and highly 
comminuted material filling the pipe. This matrix 
would surround and engulf hugh blocks of heavier 
rock that had foundered during the slump episode. 
Local stratification of the brecciated material might 
be caused by settling and sorting of parts of the 
semifluid mass of ‘‘blue mud’’ after vapor pres- 
sures subsided. 

It has been shown by General Electric scientists, 
including Bovenkerk” and others, that man-made 
diamonds can be created on an industrial scale at 
pressure ranges between 800,000 and 1,800,000 psi 
and temperatures between 2200° and 4400°F. A most 
hospitable environment for transformation of carbon 
to diamond would exist in a deeply extensive column 
of breccia reaching down to depths where hydrostatic 
pressure would permit the build-up and temporary 
confinement of tremendous vapor pressures gener- 
ated by the magma and at favorable temperatures 
for diamond formation. Graphite derived from wall 
rock contamination or the reduction of COz gas con- 
fined within the magma, could supply the essential 
carbon. Certain catalysts, as in the manufacture of 
synthetic diamonds, might accelerate the change 
from Graphite to Diamond. 

Copper Pipes in Shield Areas: Tsuwmeb—Southwest 
Africa. The district of Tsumeb is in an isolated, 
arid upland several hundred miles from the south- 
west coast of Africa. Rocks are gently dipping 
Precambrian sediments, including an upper feld- 
spathic quartzite, many thousand feet of dolomite 
and a deeper arkosic quartzite. The Tsumeb ore- 
body occurs in the upper dolomite which is thin 
bedded in part and contains limestone, shale, and 
tillite layers. The ore structure is on the north 
limb of the Tsumeb syncline and dips steeply south 
aS a mineralized fissure zone, cutting through thin 
bedded, folded dolomite. Below 1900 ft, the min- 
eralized fissure controlling the ore zone turns over 
to a north dip, and at that elevation, a relatively weak 
fracture zone called the ‘‘North Fissure’’ joins it in 
an arcuate plan to form an oval breccia pipe 500 x 
250 ft. The oval continues downward with north 
plunge below the 3000-ft level and contains massive 
copper sulfides with shoots of lead and zinc sulfide 
circling the oval and extending into the breccia core. 
Within the oval, the bedded rocks are broken and 
locally well-brecciated. They are sharply faulted by 
the boundary fissure and appear to have been 
dragged and slumped downward. A most interesting 
feature, from a genetic viewpoint, is an isolated plug 
of granular quartz-orthoclase rock, locally called 
‘“pseudo-aplite’’, occupying at successive levels a 
variable but prominent position as lensy masses and 
irregular tongues within the oval. It is usually well 
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mineralized and in some instances forms reticulat- 
ing dikelets with angular chert and dolomite frag- 
ments and concentrations of copper sulfides at the 
dikelet terminations. 

The oval-shaped fracture ring at Tsumeb may be 
an expression of underlying deep-seated collapse 
into a buried magma column. Contemporaneous in- 
jection of the quartz-orthoclase rock at higher levels 
and associated end-stage accumulation of mineral- 
izers that circulated and deposited within the ad- 
vancing breccia column, are evidence of the under- 
lying magmatic activity. The oval ring loses its 
identity at the 1900-ft level, and the ore continues 
upward along a single fissure to the present surface. 

It is an excellent example of a large fissure ore- 
body in Precambrian sediments which, on its down- 
ward extension, develops into an important and 
highly mineralized breccia pipe. 

Ylojarvi Mine—Central Finland. Many other ore- 
bodies in shield areas show evidence of mineralized 
breccia pipe development. In the deep-seated meta- 
morphosed volcanics and schist of central Finland, 
the Yléj4rvi copper orebody is confined to a well- 
defined breccia pipe. The deep-seated character of 
the brecciation is testified to by the scarcity of vugs 
and voids and the manner in which superimposed 
schistosity and flowage lines modify and deform in- 
dividual tongues and bands of breccia. 

It seems probable that on the Canadian Shield, 
breccia pipes are more numerous than has generally 
been recorded. Breccias are commonly observed in 
many of the great mines of eastern Canada and cor- 
relation of such features, though difficult because of 
the complex nature of deformation and metamor- 
phism, may reveal important additional structural 
elements. 

Porphyry Coppers of South America: One of the 
great copper belts of the world extends along the 
rising westerly slope of the Andes from Peru into 
the central part of Chile. Within it and forming a 
primary structural part of several of its important 
orebodies, are outstanding examples of mineralized 
breccia pipes. Several of the most important occur- 
rences are discussed below. 

Toquepala, Peru. The great orebody at Toquepala 
is a widespread blanket-like deposit of enriched 
chalcocite ore with a central core of deep-seated 
primary copper sulfide mineralization. It is an ex- 
cellent illustration of the coincidence of a succession 
of geologic events centered around a migrating ver- 
tical axis of deformation and stress. 

An overall concentric pattern is accentuated by the 
arcuate Strike of several dacite porphyry dikes which 
are associated both in time and space with copper 
mineralization. Following intrusion of the porphyry, 
there is a succession of semi-circular pipes with 
their centers progressively shifting from south to 
north, each younger one overlapping, biting into and 
cutting out its next oldest neighbor. First, at the 
southerly edge of the deposit, there is a stockwork 
of pegmatitic, glassy quartz veinlets. Copper min- 
eralization occurs sparingly within the quartz and is 
concentrated along later sulfide veinlets and in abun- 
dant disseminations through the shattered rock. 


Second, there is a large, circular, mineralized brec- 
cia pipe composed of dacite porphyry and quartz 
diorite fragments in a matrix of quartz and copper 
sulfides. L. H. Hart’* has commented that since the 
fragmented rocks appear to match up fairly well with 
their wall rock co-relatives, no important displace- 
ment either upward or downward is indicated. It is 
this author’s observation that, since the rock con- 
tacts here are steep or vertical, there is no adequate 
marker to determine vertical displacement within 
the pipe’s interior, but that the similarity in appear- 
ance between the Toquepala breccia and that of many 
proved collapse breccias, argues strongly in favor 
of a major slump process. 

Richard and Courtwright** describé occasional 
anomalous field relations, such as ‘‘ore breccia’’ in- 
cluded in dacite porphyry and barren ‘“‘pebble brec- 
cia’’, as fragments in the mineralized breccia, in- 
dicating repetition of events and complexity of rela- 
tionships that usually characterize important centers 
of breccia pipe development. In any event, a large 
and important area of post- mineral brecciation com- 
posed of a finely pulverized matrix of rock and sul- 
fides, including and surrounding a variety of coarse, 
angular to rounded fragments, intrudes and cuts out 
the north central part of the mineralized breccia 
pipe. From the appearance of this material, it may 
be inferred that it was agitated and mixed under ex- 
treme gas pressures and injected as tongues and 
seams into available planes and zones of weakness. 
The post- mineral breccia cuts out the north part of 
the mineralized breccia pipe, and its relation to 
mineralization is similar to that of Cananea’s post- 
mineral types. 

A late chapter in the sequence is represented by a 
large, circular area of so-called ‘‘dacite agglomer- 
ate’’ with steep contacts, which takes a crescent- 
shaped bite out of the northern edge of both the 
mineralized pipe and the second-stage post- mineral 


breccia. This latest or third stage of brecciation con- 


tains abundant fragments of dacite porphyry ina 
finely pulverized matrix. It has wiped out all ves- 
tiges of sulfide-bearing breccia, removing the 
original rock, and replacing it with finely ground 
foreign material. As the final phase of magmatic 
activity, Small bodies of latite porphyry intrude the 
‘‘dacite agglomerate.”’ 

The many chapters of the Toquepala story add up 
to a complex sequence of events around a northerly 
migrating deep, vertical axis which localized suc- 
cessive phases of intrusion, brecciation, mineraliza- 
tion, post- mineral brecciation, and final end-stage 
intrusive activity. 

Braden, Chile. The Braden orebody is well known. 
The similarity between Braden and Toquepala has 
been discussed recently by F. H. Howell and J. S. 
Molloy’® who show that both deposits have circular 
patterns of intrusives, alteration, mineralization, 
and structural elements which suggest similar proc- 
esses of origin. The crescentic-shaped plan of 
Teniente orebody at Braden embraces a stockwork 
fracture zone principally in andesite, which has been 
biotized and highly mineralized with interlacing 
seams of quartz, copper sulfides, and molybdenite. 


Along its inside or westerly edge, there are occur- 
rences of well-brecciated rock with a mineral ma- 
trix of tourmaline and copper sulfides. The ratio of 
mineralized stockwork to mineralized breccia is 
much greater at Braden than at Toquepala, but rela- 
tive positions and evidence of timing indicate their 
Similar modes of origin. 

Braden, too, has conspicuous post- mineral brec- 
cia which cuts out both stockwork and mineral 
breccia elements, as it does at Toquepala. There, 
the central axis of intrusion, fracturing, brecciation, 
mineralization, and post- mineral deformation moved 
progressively with each successive event to the 
north, thus forming an overall asymmetric pattern, 
while at Braden the axis remained fixed, producing a 
symmetrical, concentrically repeated pattern of all 
the structural elements in the Braden sequence. The 
intense brecciation of the ‘‘Braden Pipe,’’ coming at 
the closing stage of mineralizing activity, correlates 
with the typical late gas phase represented by vio- 
lent churning and fragmentation within the confines 
of the pipe. Such action corresponds to post-mineral 
brecciation at Cananea, Toquepala, and other breccia 
pipe localities. Bedding, observed locally in the 
Braden post- mineral breccia, may have been induced 
by the final settling, sizing, and stratification of the 
semi-fluid mass within the pipe after vapor pres- 
sures had subsided. 

El Salvador, Chile. The new orebody at El Salva- 
dor has many of the structural features, rock and 
mineral characteristics of other porphyry coppers, 
including Toquepala and Braden. It has been well 
described by William Swayne and Frank Trask’® who 
portray the great horizontal extent of its mushroom- 
shaped ore outline within a diverse pattern of rock 
types. The shape of the ore is accentuated by sec- 
ondary enrichment although there is notable evi- 
dence that primary copper sulfides, confined in- 
itially to a central, vertical axis, also spread along 
flat, selectively fractured andesite beds and under a 
warped and domed rhyolite cap to give the orebody 
its mushroom-like shape. The rock and mineraliza- 
tion patterns indicate that a large composite, over- 
lapping series of circular fracture zones resulting 
from domical subsidence localized the mineralizing 
process at El Salvador. 

Practically all the ore developed to date is con- 
fined to stockwork fracturing, although both min- 
eralized and post-mineral breccia sections have 
been exposed in the central columnar stem of the 
orebody. The mineralized breccia has the peg- 
matitic appearance of Cananea’s East Breccia type; 
the post-mineral structure contains small, angular 
fragments of high grade chalcopyrite-bornite in a 
clay matrix. These occurrences could be part of a 
deep-seated primary breccia conduit which con- 
trolled one stage of the rich flood of copper-bearing 
fluids responsible for the orebody. 


SUMMARY AND CONCLUSIONS 


The widespread occurrence and close relation of 
breccia pipes to many great orebodies give them un- 
usual importance. They are chimney-like masses of 
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brecciated rock, circular, oval or polygonal in plan 
outline, with steep axes proportionately much 
greater than their horizontal dimensions. Impres- 
sive downward displacement or slumping of identifi- 
able rock fragments and the development of charac- 
teristic void spaces within the breccia columns are 
evidence for removal of large volumes of the origi- 
nal rock. Since the tops of many pipes are covered 
and sealed by unbroken roofs, the evidence is con- 
clusive that removal of material must have occurred 
from below. Rock in the breccia chimneys may be 
broken by the removal of underlying support at the 
active summits of fluid magma columns. Pressure 
readjustment and magma withdrawal would result 
from developing disequilibrium, caused by volcanic 
or fissure eruption in a neighboring part of the sys- 
tem. Thus, advancing, localized subsidence may be a 
fundamental response, in a reciprocal sense, to re- 
peated spasms of dying volcanism. A corollary of the 
process is the creation of foci of reduced pressure 
within growing breccia chimneys and the consequent 
localization of end-stage, mineral-rich vapor and 
liquid phases, distilled from the crystallizing magma 
and attracted to these broken low pressure zones in 
the rock. 

The significance of mineralized breccia pipes is 
that they are climactic expressions of general proc- 
esses which, under differing local conditions, may 
also form the ring or dome-shaped fracture zones 
that control certain porphyry copper deposits. Thus, 
they provide clues to the origin of many of the 
world’s great orebodies, including Anaconda’s La 
Colorada mine at Cananea, Mexico, and the new El 
Salvador mine in Chile. Analysis and understanding 
of these and similar structures may help to solve 
problems of scientific and economic importance re- 
lated to processes controlling the collection, circula- 
tion and deposition of mineralizing fluids. 
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MAGNETIC TACONITES OF THE EASTERN 
MESABI DISTRICT, MINNESOTA 


Utilization of magnetite-bearing taconite from the great Mesabi range of 
Minnesota is fast becoming a major industry in the state. The planning and 
early development stages of taconite processing projects have been de- 
scribed’ and an excellent discussion has appeared recently* concerning 
the current mining, crushing, concentrating, and pelletizing techniques of 
the Reserve Mining Co., whose operations lie entirely within the Eastern 
Mesabi district.~The present paper will deal only with some of the geo- 
logical aspects of taconite utilization in the district, with emphasis placed 
upon some of the common mineralogical and textural features of the tacon- 
ites currently being mined or stripped and how these factors generally affect 
the potential recovery of the iron from the metamorphosed Biwabik iron- 


Formation. 


LES generalized geologic setting of the Eastern 
Mesabi district is presented in Fig. 1. The small 
circles on the geologic map, adapted from Grout 
and Broderick,’ mark the location of drill holes that 
were available for inspection during this study 
through the courtesy of Reserve Mining and Erie 
Mining Cos. The cores from these holes were 
divided into stratigraphic units and examined for 
their mineral content. Typical mineral associations 
and grain fabrics were also determined from hun- 
dreds of thin and polished sections. Available 
metallurgical tests made it possible to determine 
the probable response of a given variety of taconite 
to magnetic concentration. The longitudinal section 
of Fig. 1, projected along the strike of the iron 
formation, presents the simple Stratigraphy of the 
area. It also shows the uniformly thick nature of 
the iron formation members in the district as well 
as a somewhat abrupt thickening of the formation to 
the west of the probable fault. The stratigraphy of 
these precambrian rocks has been described*~” 
elsewhere and need only be briefly reviewed. His- 
torically, the oldest rocks unit, the Giants Range 
granite (Algoman) was covered by the Animikie 
group of sediments (Middle Huronian?), consisting 
of the Pokegama, Biwabik, and Virginia formations. 
Outcrops of the Pokegama quartzite are locally 
distributed along the northern limit of the Biwabik 
iron formation, but they are too limited to depict on 
the geologic map of Fig. 1. The effects of the intru- 
sion of several small diabase sills within the Vir- 
ginia and Biwabik formations are obscure because 
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all of these rocks have been subsequently highly 
metamorphosed, mainly by the Duluth gabbro. The 
emplacement of the transgressing Duluth gabbro 
(Middle Keweenawan) and that of numerous peg- 
matitic veins in the iron formation® has resulted in 
extensive contact and metasomatic metamorphism 
which has locally reconstituted the previously exist- 
ing minerals of the Biwabik formation, in large part 
quartz and magnetite, into a wide variety of silicate 
mineral assemblages” that have a profound effect 
upon the recoverability of the remaining magnetite. 
The entire region has subsequently been eroded and 
largely buried beneath Pleistocene glacial deposits. 

Structurally, the strike of the gently dipping 
Animikie group generally parallels the elongate 
outcrop pattern of the Biwabik iron formation on the 
map of Fig. 1. The Animikie group most commonly 
dips from 5° to 15° to the south-southeast. In this 
area, the Duluth gabbro pluton is somewhat sill-like, 
dipping about 30° to the southeast. Projecting these 
present structures upward, it seems probable that 
the gabbro once extended over the underlying Ani- 
mikie group in the Eastern Mesabi district. 


SELECTION AND PRESENTATION OF DATA 


Because of the locally intense metamorphic activ- 
ity in the district, mineralogical variations within 
the magnetite-bearing taconites are commonly 
abrupt, both vertically and laterally. Consequently 
it is difficult to select a single hole or small group 
of holes whose cores will be entirely representative 
of all of the district. Two holes have been selected, 
however, that in a general way represent mineral- 
ogical and textural variations that are likely to be 
encountered in both the eastern and western parts of 
the district. These recently drilled holes were 
chosen for discussion because it was possible to log 
the core and then to place the sample intervals at 
stratigraphic boundaries prior to preparation of the 
core for magnetic tube tests. 
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The geological setting of these holes is clear 
from Fig. 1. The more easterly hole A is in a rela- 
tively higher grade metamorphic zone than that of 
hole B to the west. Farther west on the property of 
the Erie Mining Co., core from hole C records an 
even lower grade of metamorphism. The mineralogy 
and textures found in this core are very different 
from those found to the east, but because metallur- 
gical test data are not currently available, their 
mutual relationship will not be discussed here. The 
simplified stratigraphy and position of hole C are 
presented only to show the general thickening of the 
iron formation on the main Mesabi range and also as 
a frame of reference for possible additional dis- 
cussion at a future date. 

Figs. 2 and 3 present, in part, a generalized 
stratigraphic log of the cores from holes A and B. 
The well-established Lower Cherty, Lower Slaty, 
Upper Cherty and Upper Slaty’®° member of the Biwa- 
bik formation are indicated along with the many sub- 
members,’ which are designated by letters in these 
figures. Magnetic tube test results for the core from 
each Stratigraphic unit are also plotted to indicate, 
1) the weight percentage of iron occurring as mag- 
netite in crude taconite feed, 2) the weight per- 
centage of total iron in crude taconite feed, 3) the 
recovery or weight percentage of original total iron 
recovered in the magnetic concentrate, and 4) the 
grade or weight percentage of iron in the magnetic 
concentrate. These results are plotted as curves 1, 
2, 3, and 4, respectively, in Figs. 2 and 3. The 
grade of concentrate is plotted on a calculated basis 
of 85 pct —325 mesh (the solid portions of curve 4) 
but where the total recovery is low, the actual grade 
at -150 mesh is used (the dashed portions of curve 
4), because this was the only data available. 

Among the obvious features of these figures is that 
the iron content of the iron formation from these 
holes ranges mostly between 25 and 35 wt pct, which 
is generally typical for this district. The amount of 
iron that is present in an unrecoverable form, al- 
most invariably in the form of metamorphic sili- 
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cates or rarely sulfides, is clearly indicated by the 
Separation between curves 1 and 2 at any given 
depth. Most of these silicates will be identified be- 
low in the discussion of rock types. Needless to 
Say, the potential recovery of iron from a given unit 
(curve 3) is directly influenced by the amount of iron 
in a readily recoverable form, that is as magnetite 
(curve 1). The reasons for the variation in the grade 
of magnetite product are less apparent in these sim- 
ple terms. Consequently, emphasis will be directed 
mainly at the influence of mineral associations and 
their grain fabrics upon the potential grade of mag- 
netite concentrate recoverable, and where applicable 
upon the ease of blasting and crusing of the rocks 
currently being mined or stripped in or near the 
Eastern Mesabi district. 

Although it is not significant in itself, a line 
marking a marginal 64 pct Fe grade of concentrate 
has been drawn for comparison of grades of con- 
centrate among the members. Exact figures for the 
silica content of these samples are not available but 
other analyses indicate that, at this grade, the silica 
content of the concentrate approaches a maximum 
desired limit. Although the discussion of the taconite 
units will be in terms of grade of iron concentrate, 
it is the concomitant increase in silica with decreas- 
ing iron content that makes a less than 64 pct Fe 
concentrate undesirable. It will be proposed that the 
relic sedimentary Structures and certain metamor- 
phic grain fabrics are largely responsible for the 
silica content in the magnetic concentrate. Again 
it cannot be emphasized too strongly that the de- 
tailed data presented here actually cannot be pro- 
jected much beyond the immediate vicinity of the 
hole and that the data represent merely the Spe- 
cific effects of metamorphism upon taconite at two 
places four miles apart. It must also be remem- 
bered that these data are relative and are based on 
the results of Davis magnetic tube tests, which only 
approximate the products obtained by actual mill 
practice. The lateral variations in mineralogy due 
to metamorphism have necessitated extensive ex- 
ploratory core drilling and magnetic tube testing of 
the Upper Cherty and Upper Slaty members by the 
Reserve Mining Co. to eliminate the unnecessary 
breaking of taconites with poor concentrating 
characteristics. 
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STRATIGRAPHIC VARIATIONS IN TACONITES 


Where appropriate in the following, the rock name 
of the taconite types under discussion will be written 
in italics. The rocks of the iron formation in the 
Eastern Mesabi district, the type locality for the 
rock name taconite, have been classified’’ on a 
lithologic basis. This classification, in a broad 
sense, is similar to Gruner’s” with the modification 
that parentheses are based around the minerals 
constituting the granules, pebbles, lamellae, and 
layers which make up the more apparent relic 
sedimentary structures of a given taconite type. 
Lower Cherty Member: The longitudinal diagram of 
Fig. 1 indicates that the Lower Cherty member of 
the Biwabik iron-formation isarather minor mem- 
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Fig. 3—Generalized stratigraphy and concentration 
characteristics of magnetic taconite core from hole 
‘4 ned curves as described in the caption for 
ig. 2. 
Ne in this district and is not being mined on the 
Reserve property. It varies in thickness from about 
30 ft in the east to about 50 ft to the west. Westward 
beyond the probable fault, the member thickens to 
about 136 ft and it is currently being mined by Erie 
Mining. 

The presence of relatively abundant amounts of 
magnetite and ferrous silicates in this quartzose 
taconite serves to distinguish it from the conform- 
able, underlying Pokegama formation. Silicates, 
however, are generally less extensively developed 
in the member than in other members of the iron 
formation. 

The quartz taconite of the basal unit V, does not 
contain sufficient magnetite to warrant considera- 
tion. 

The middle three units, S, T, and U, of this 
member, consisting generally of layered and gran- 
ule (magnetite) silicate-quartz taconite, contain 
sufficient magnetite to warrant consideration as a 
producing zone. In general these units are quartzose 
and contain relatively rich aggregates of magnetite 
grains in layers, lamellae, granules, and pebbles. 
Magnetite aggregates occurring as relatively rich 
granules are illustrated in Fig. 4. These particular 
relic sedimentary structures are sufficiently re- 
crystallized, and possibly enriched, to become 
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Fig. 4—Recrystallized 
gvanule structures rich 
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tograph area reduced 
approximately 45 pct in 
reproduction. 


possibly significant contributors to the magnetic 
concentrate if these units could be utilized. The na- 
ture of other, less recrystallized granules of the 
formation, Fig. 5, are described in the discussion 
of the Upper Cherty member being mined in the 
Eastern Mesabi district. The grain fabrics of the 
relic layered and laminated, magnetite-rich parts 
of the rocks of the three middle units are nearly 
identical to those illustrated in Figs. 6 and 7, also 
discussed below. In units S, T, and U, the ferrous 
metamorphic silicates have developed mainly in the 
quartzose layers. The relative paucity of silicates 
among the various magnetite aggregates did not lead 
to the development of finely interlocked magnetite- 
Silicate grains and consequently the grade of the 


magnetic concentrate from these units is acceptable. 


Unit U illustrates, nevertheless, how the local de- 
velopment of abundant silicates (andradite and 
hedenbergite in hole B, and fayalite and heden- 
bergite in hole A) within the magnetite-rich zones 
has abruptly reduced the rade of concentrate. This 
reduction in grade is usually specifically due to the 
poikilitic inclusion of small (commonly less than 30 


Fig. 5—Granule struc- 
tures consisting of 
“‘dusty’’ magnetite in 
quartz, as seen in thin 
section at X90. The 
square shows the opening 
in a 325-mesh sieve at 
this magnification. Pho- 
togvaph area reduced 
approximately 45 pct in 
reproduction. 


to 40.) magnetite grains within the silicates. Ma- 
terial of this sort is not easily prevented from 
entering the magnetic concentrate, and this results 
in a reduction of grade. At the other extreme, unit 
T in hole A is particularly lacking in silicates but is 
marked by substantial coarsening by recrystalliza- 
tion of its constituent quartz and magnetite thus 
making it particularly amenable to recovery. 

The upper R, mainly layered (magnetite) silicate- 
quartz taconite, contains less magnetite and gener- 
ally contains more silicates than most other units of 
this number. As just discussed, the association of 
these silicates with the magnetite-rich or quartzose 
parts of the rock determines the grade of the con- 
centrate. In hole B, the silicates (hedenbergite and 
cummingtonite) are mainly in the quartzose layers 
and an acceptable product is obtainable, but in hole 
A the silicates (almandine, biotite, hedenbergite and 
cummingtonite) locally occur throughout all parts of 
the unit thus resulting in a submarginal product. In 
other cores from the area, fayalite is the most 
abundant silicate in this unit. 

It is not surprising that to the east of the probable 


Fig. 6—Layered aggregates of 
magnetite grains at X50, as 

seen in polished section, Cir- 
cular inset picture shows detail 
of grain fabrics within the en- 
circled area at X150, along with 
the size of opening of a 325- 
mesh sieve. Photograph area re- 
duced approximately 30 pct in 
reproduction. 
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Fig. 7—Laminated aggregates of 
magnetite grains as seen in pol- 
ished section at X100. Circular 
inset picture shows detail of grain 
fabrics within encircled area at 
X200, along with the size of open- 
ing of a 325-mesh sieve. Photo- 
gvaph area veduced approxi- 
mately 30 pet in reproduction. 


of magnetite grains as seen in 
polished section at X100. Circu- 
lar inset picture shows detail of 
§vain fabrics within encircled 
area at X200, along with the size 
of opening of a 325-mesh sieve. 
Photograph area veduced approx- 
imately 30 pet in reproduction. 
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fault this member cannot be commercially developed 
at present considering the small portion (15 to 25 
stratigraphic ft) of the member that might be reason- 
ably amenable to concentration, as well as the proba- 
ble 20 to 40 ft of glacial drift cover in this area. To 
the west, where the richer parts of the member are 
appreciably thicker and lie under shallow glacial 
cover, taconite from the Lower Cherty member is 
currently being mined by open pit methods by Erie 
Mining. There the taconite is mostly homogeneous 
with respect to blasing except for one zone extending 
across the pits northeast of Mesaba. This zone con- 
sists of magnetite-quartz taconite which contains 
abundant, thick irregular to layerlike zones that are 
rich in cummingtonite and a dolémitelike carbonate. 
Upon blasting, this rock breaks into particularly 
large, tabular blocks that are difficult to handle. It 
appears as if the dolomite is capable of sustaining a 
shock without shattering and the interpenetrating 
mat of cummingtonite grains gives the rock con- 
siderable tenacity. 

Lower Slaty Member: The Lower Slaty member 
averages about 86 ft in thickness and contains only 
Slightly less total iron than the adjacent cherty 
members. Most of the iron, however, is combined 
in the abundant ferrous silicates that characterize 
the member with but little of it occurring as mag- 
netite and sulfides. The member has been divided 
into two units P and Q, the latter corresponding to 
the Intermediate Slate of the main Mesabi range. 

Unit Q (intermediate slate), uniformly about 26 ft 
thick, is generally a fine-grained, dark, argilla- 
ceous, graphitic, quartzose rock that locally con- 
tains metamorphic Silicates, particularly ferrohy- 
persthene, and to a lesser extent almandine garnet, 
biotite, and cummingtonite. Except for the fact that 
it lacks a true slaty cleavage, it resembles a com- 
mon black slate. Minor amounts of iron occur as 
magnetite and locally some pyrrhotite is recovered 
in the magnetic tube tests, for example at the top 
and bottom of the unit in hole A. The absolute ve- 
covery of iron from this unit, however, is too low 
for economic consideration. 

Unit P averages about 60 ft thick in most places 
and is composed of magnetite-poor, massive quartz - 
silicate taconite and shaly quartz-silicate taconite. 
Field and petrographic evidence indicate that most 
of the iron, probably initially present as magnetite, 
has been largely reconstituted into ferrous silicates 
and is no longer economically available by existing 
metallurgical processes. In hole A, fayalite is the 
most abundantly developed silicate and some of the 
remaining magnetite has been locally coarsened by 
recryStallization. Much of the magnetite, however, 
is poikilitically distributed as minute grains within 
the silicates so as to produce submarginal concen- 
trate grades. In hole B, the silicate assemblages 
consist dominatly of acicular cummingtonite with a 
few fayalite remnants, but again the uncombined 
magnetite is poikilitically enclosed as fine grains, 
commonly as fine as 5 to 10y. Even if the grade of 
the concentrate were acceptable, the very low 
absolute recovery of iron from this member pre- 
vents it from being considered as a producing zone. 


The degree of recrystallization of this tough, 
Silicate-rich Lower Slaty member, as well as the 
minor amount of usable material in the underlying 
Lower Cherty member in the area under develop- 
ment by Reserve Mining, apparently will prevent 
consideration of rock stripping for a substantial 
period. The blasting characteristics of the member 
are important, however, when one considers the 
possibility of rock stripping to uncover the thicker, 
mineable Lower Cherty member west of the probable 
fault in the area under development by Erie Mining. 
Where unit @ is less metamorphosed, as in the pits 
northeast of Mesaba, it shows an inherent bedding- 
plane weakness which makes it relatively easy to 
blast into slabby or tabular fragments; consequently, 
it is currently being stripped to get at the underlying 
richer zones. As far as is known to the writers, unit 
P of the Lower Slaty member is not being extensively 
stripped anywhere on the Eastern Mesabi range. 
Upper Cherty Member: The Upper Cherty member 
averages about 140 ft thick and includes most of the 
iron formation currently being mined in the Peter 
Mitchell pit of Reserve Mining, and to a lesser ex- 
tent by Erie Mining in a pit just northeast of Mesaba 
where the member is about 246 ft thick. Figs. 2 and 
3 indicate that much of the iron occurring as mag- 
netite is generally recoverable at a suitable grade by 
current procedures. 

The lower three units, M, N, and O, of this mem- 
ber are notable exceptions to the above generaliza- 
tion. These lower units contain relatively subordi- 
nate amounts of magnetite because, as in the Lower 
Slaty member, a large portion of the previously 
existing magnetite has been consumed in the forma- 
tion of the locally abundant metamorphic silicates. 
In hole A, these silicates are mainly ferrohyper- 
sthene and fayalite, and in hole B mostly cumming- 
tonite occurs although some remnants of fayalite 
still persist. Recovery of magnetic material at an 
acceptable grade is usually impossible because of 
the finely disseminated nature of a large part of the 
uncombined magnetite remaining within the silicates. 
For similar reasons, the local formation of numer- 
ous hisingerite (and secondary nontronite) veinlets in 
other drill cores from the area also sharply reduces 
the recovery and grade of magnetite concentrates 
produced from these units. 

Units J, K, and L represent the bulk of the mate- 
rial mined in the Peter Mitchell pit. The magnetite 
grains in these units initially collected mainly into 
relatively rich layers, lamellae, granules, and 
pebbles, generally within quartzose material. Fig. 6 
illustrates typical grain fabrics commonly found in 
the relic sedimentary bedding of the abundant 
layered (magnetite) silicate-quartz taconite occuring 
in these units. The quartzose layers that separate 
the magnetite-rich layers of these rocks almost in- 
variably contain remnants of unreplaced granules 
like those in Fig. 5. As a result of metamorphism 
and metasomatism, these structures were largely 
consumed during the development of silicates in the 
quartzose layers. Consequently, layers that once 
contained a multitude of middling grains, e.g., finely 
divided or dusty magnetite in quartzose granules, 
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that would reduce the grade of concentrate, now con- 
sist mainly of nonmagnetic silicate-quartz mineral 
assemblages which can easily be rejected during mag- 
netic cobbing. Unfortunately, the destruction of these 
dusty magnetite granules is not uniform throughout 
and locally within some zones, for example within 
about % mile of the gabbro contact and for as much 
as 300 ft from the larger (hotter?) pegmatite veins, 
the granule fabrics of the quartzose layers in Fig. 

5 are only slightly coarsened by recrystallization, 
and metamorphic silicates, mainly pyroxenes, have 
developed to a much lesser extent. In the more 
common taconite types lying beyond these relic 
quartzose zones, Silicates, especially cummingtonite, 
become relatively more abundant in the quartzose 
layers and the granule middling grains are essen- 
tially eliminated. At the other extreme, adjacent to 
some of the smaller (cooler?) pegmatites, amphi- 
boles are particularly abundant in the wall rock as 
far as 100 ft away. In these places, not only are the 
dusty magnetite granules of the quartzose layers 
destroyed but the magnetite-rich layers and lamellae 
are also largely replaced, with the result that the 
remaining uncombined magnetite is finely dissem- 
inated within the silicate, thus producing undesirable 
middling grains of a different nature. The foregoing 
remarks concerning granules and the replacement of 
magnetite by silicates apply equally well to almost 
all parts of the Upper and Lower Cherty members 
and to the lower parts of the Upper Slaty member of 
the Biwabik iron-formation in the Eastern Mesabi 
district. 

In hole B, locally abundant silicates, mostly cum- 
mingtonite, have developed mainly in the quartzose 
layers between the magnetite-rich layers and con- 
sequently, magnetic concentration produces an 
acceptable concentrate. The best product, however, 
is obtained at the base of unit K where silicates 
have only partially developed and the magnetite 
grains have been substantially coarsened during re- 
crystallization. In hole A, cummingtonite has 
locally developed among, and partially replaced, 
some of the magnetite-rich layers contained in the 
bottom third of unit LZ and also in a thin zone about 
twenty feet above the base of unit K. In these places 
where the cummingtonite is intimately associated 
with the magnetite-rich layers and lamellae of these 
units, the resulting mineral textures resemble those 
of Figs. 7 and 8 and the corresponding concentrate 
is locally reduced in grade. The top of unit K was 
also host to extensive development of hedenbergite. 
The consumption of magnetite and poikilitic en- 
closure of some finely divided magnetite accounts 
for the marginal concentrates at these horizons. The 
remaining parts of these units are distinguished by 
a relative lack of development of silicates, which is 
reflected in the excellent concentrate obtained in 
these places. 

In cores from both holes, and many other holes 
throughout the district, unit H is characterized by 
the local development of hornblende and actinolite 
and lesser amounts of cummingtonite within and 
partially replacing the magnetite-rich layers. The 
grain textures found in these layers commonly re- 
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semble those seen in Fig. 7. Consequently, in most 
places, magnetic concentrates from this unit are 
marginal. 

Except for minor control by surficial jointing, the 
rocks of the Upper Cherty member are generally 
homogeneous to blasting. This is particularly true 
of the fayalite and ferrohypersthene-rich taconites 
near the bottom of the member, but blasting of this 
rock is generally avoided because of the poor re- 
covery of its low magnetite content. Previously the 
amphibole-rich rocks of the member locally showed 
a tendency to break into huge tabular blocks upon 
blasting that made much secondary breakage neces- 
sary, but current blasting techniques now produce 
good uniform breakage. Nevertheless, the inter- 
penetrating fabric of the constituent amphibole 
grains (mainly cummingtonite) produces such a high 
degree of tenacity that this rock type is particularly 
abrasive and resistant to crushing and grinding. 
Upper Slaty Member: The Upper Slaty member is 
rather uniform in thickness, averaging about 125 ft, 
and in comparison to other members of the iron 
formation is generally more distinctly bedded and 
thinly layered. Mineralogically and texturally, how- 
ever, it is very similar to some of the richer units 
of the Upper Cherty member. The magnetite- 
bearing layered and laminated zones are generally 
thicker and as abundant as those in the Upper Cherty 
member, but unfortunately almost invariably they are 
intimately associated and intergrown with silicates. 

Although the magnetite-rich granules and lamellae 
of the lowest unit G are not particularly rich, this 
unit is locally amenable to beneficiation where these 
structures have been coarsened by recrystallization 
and are quartzose instead of silicate-rich. Because 
of the irregularity in metamorphic conditions, the 
mineralogy of unit G can change abruptly into sub- 
marginal material, as seen by the local develop- 
ment of abundant hedenbergite and actinolite in core 
from hole A. To the west, many of the magnetite- 
bearing zones are in quartzose material, but locally 
many Small masses of andradite, epidote and calcite, 
as in hole B, have developed and abruptly reduce the 
grade of the product. 

The greater portion of the Upper Slaty member, 
units C, D, FE and F, can be characterized by the 
ubiquitous association of magnetite and silicates 
(particularly cummingtonite) in numerous thinly 
layered and laminated zones. Invariably, these min- 
erals are intimately interlaminated and intergrown 
in unit F, where the great majority of magnetite 
grains generally range from a few microns up to 30 
or 40yu diam. Magnetic concentrates obtained from 
the abundant shaly bedded (magnetite-silicate) quartz 
taconite of this horizon are consistently of the 
poorest grade of any unit containing significant 
amounts of magnetite because of the initial finely 
disseminated nature of the oxide in the original 
quartzose beds. Furthermore, it is apparent from 
Fig. 8, a micrograph of some relic thinly bedded, 
magnetite-bearing portions of this rock, that addi- 
tional fine grinding will not appreciably improve the 
grade of the concentrate, even if ground substantially 
through —400 mesh. 


The lean, quartzose unit E contains numerous 
magnetite-bearing granules resembling those shown 
in Fig. 5 and the general lack of recryStallization 
usually results in a poor recovery of the iron. In 
fact, in large-scale nonselective mining, this bed 
would probably contribute little iron but possibly 
might yield significant amounts of middling grains 
in the form of dusty magnetite granules. On the 
other hand, in the laminated (silicate-magnetite) 
quartz taconite of units C and D, the magnetite 
grains were originally aggregated into somewhat 
thicker layered and coarser grained zones where 
they have been partially recrystallized instead of 
being extensively reconstituted into silicates. In 
some of these places, much of the magnetite occurs 
as grains up to 40 and 50u or larger in diameter, 
and consequently barely acceptable grades of con- 
centrate can be obtained. Fig. 7 shows some of the 
typical grain fabrics occuring in the relic laminated 
parts of the rock that might yield a marginal grade 
of concentrate. These zones change so abruptly both 
laterally and vertically, however, that with current 
drilling, mining and beneficiation costs it is not 
feasible to locate and mine these small irregular 
zones. These economic limitations are reinforced 
by the fact that the amount of total iron and iron as 
magnetite rapidly diminishes near the top of unit C. 

Unit B is essentially devoid of magnetite, almost 
all of the iron being mainly combined in diopside 
throughout the Eastern Mesabi district. The upper- 
most submember A of the Upper Slaty member, and 
of the iron formation as well, is a light to dark gray 
calcite marble. It contains little iron, except per- 
haps in some of the silicates that occur in accessory 
amounts. Consequently, these beds cannot be con- 
sidered as potential producers of iron. 


SUMMARY 


By means of a few specific examples, it has been 
indicated that the present textural fabrics are a re- 
flection of initial sedimentary structures and that 
the response to metamorphic and metasomatic activ- 
ity has controlled the amenability of various types 
of magnetite-bearing taconites to magnetic con- 
centration. Members and submembers of the Bi- 
wabic iron-formation that contain low amounts of 
magnetite, such as the uppermost carbonate and 
lime-silicate bearing units and the largely ferrous 
silicate-rich rocks of the Lower Slaty member, can- 
not be considered as potential producers in the near 
future on the Eastern Mesabi range. 

Unfortunately, silicate-poor, magnetite-rich, 
quartzose taconites are not particularly abundant in 
the Eastern Mesabi district. Nevertheless, on a 
small scale they are locally present and can thereby 


substantially improve the recovery and grade ob- 
tainable, as in parts of units L and T of hole A, 
among others. In these places, the magnetite has 
generally recrystallized to the extent that a sub- 
stantial number of the grains are coarser than 50 
to 100u diam. In numerous other places, however, 
where Silicates are sparsely developed much of the 
magnetite is still appreciably finer than 40 to 50n, 
particularly that within granule structures, making 
it impossible to achieve both high grade and high 
recovery. 

Most of the magnetite-bearing taconites currently 
being mined also contain locally abundant meta- 
morphic silicates. In many parts of both Cherty 
members, where silicates and magnetite grains are 
not intimately associated and interlocked and where 
dusty magnetite granules are largely replaced by 
Silicates, a suitable concentrate can be recovered 
in sufficient amount to make current mining opera- 
tions feasible. A large part of the iron formation, 
however, is taconite that now contains interlocking 
grains of magnetite and silicate, occurring either in 
intimately interlaminated and shaly bedded zones as 
in the Upper Slaty member or in poikilitic fabrics as 
in both Cherty members, So that at a theoretical 
grind of 85 pct -325 mesh, a large number of un- 
desirable middling grains are produced. It is likely 
that these portions of the formation cannot be mined 
extensively until the mechanical problems of grind- 
ing and concentration of material substantially finer 
than 400 mesh are solved. 
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MODEL STUDIES OF AN APPARATUS FOR 
ELECTROMAGNETIC PROSPECTING 


A description of the field apparatus has been published by D. G. Brubaker. 
Data from laboratory model studies of the in-line and broadside methods 
of operation are detailed. The conductor models include a single sheet con- 
ductor at several strike and dip angles and a schistose-type conductor. In 
addition, data on the effects of the strike length and of the depth of the con- 
ductor are presented for the broadside method of operation. 

All of the data show that the inclination reverses direction over the top 
edge of dipping single sheet conductors. Differences between anomalies over 
conductors dipping between 90° and 30° are subtle, but flat-lying sheets can be 
readily distinguished from steeply dipping sheets. Schistose conductors are 
easily distinguished from single sheet conductors, and a procedure is given 
for determing the direction of schistosity. The depth of penetration under 
ideal conditions is 0.7 of the coil separation. 


i: 1950, The New Jersey Zinc Co. (of Pa.) devel- 
oped a lightweight apparatus for electromagnetic 
prospecting. A description of this apparatus has 
been published by D. G. Brubaker.’ It consists of a 
small, battery-powered vertical source coil and a 
direction-finding receiving coil. Source and re- 
ceiver are kept a fixed distance apart and move as 
a unit along the survey lines. At each receiver sta- 
tion the inclination of the magnetic field created by 
the source is measured. 

Two methods of operation are used, in each of 
which measurements are taken with a constant 
source-to-receiver distance and with the plane of 
the source oriented to pass through the receiver 
station. In one procedure, called the in-line method, 
source and receiver travel in tandem along the 
same line. In the other procedure, called the broad- 
side method, source and receiver move along adja- 
cent lines, with the source-to-receiver direction 
oriented parallel to the assumed strike direction. 
The data recorded in either case are the inclina- 
tions, measured in degrees from the horizontal, of 
the magnetic field created by the source. These data 
are plotted at the receiver stations on a map. Scale- 
model studies of both methods of operation have 
been conducted in the laboratory and are reported in 
this paper. 


APPARATUS 


Small source and receiving coils wound with many 
turns of fine copper wire were used to produce and 
measure an alternating magnetic field in the same 
manner as the field apparatus. The model source 
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coil was mounted in a vertical position and oriented 
so that the receiving coil was in the plane of the 
source. The receiving coil was mounted in a frame 
so it could be rotated to obtain the inclination 
measurements. The source coil was excited by a 
100-ke signal generator. A tuned amplifier and a 
voltmeter were used to detect the null position of 
the receiving coil. 

The coils used in the field apparatus are usually 
spaced about 400 ft. The coils used in the model 
work were spaced from 4 in. to 4 ft apart. Thus the 
scale of the model work ranges between 1/1200 to 
1/100 natural size. 

The model conductors were aluminum-coated 
building paper supported on wooden frames. The 
conductivity-thickness product was measured using 
a four-electrode system and was found to be about 
300 ohms’. 


CONDUCTIVITY CONSIDERATIONS 


The electromagnetic response from a thin sheet 
conductor is a function of the product of the con- 
ductivity of the sheet times the thickness of the 
Sheet times the frequency of the alternating electro- 
magnetic field times some linear dimension of the 
System such as the coil separation which indicates 
scale. 

The secondary electromagnetic field produced by 
the conductor increases in amplitude from zero at 
zero conductivity to a maximum value for infinite 
conductivity, while the phase of the secondary field 
with respect to the primary field shifts from 90° at 
zero conductivity to 0° at infinite conductivity. Sev- 
eral authors’ ° have shown that most of both the in- 
crease in amplitude and the change in phase of the 
secondary field takes place over a three-decade 
range of the conductivity-thickness-frequency 
product. Only small changes in the amplitude and 
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Fig. 1—In-line method, vertical conductors. 


phase of the response occur if the conductivity- 
thickness-frequency product is raised above this 
three-decade range. 

When the secondary field is not in phase with the 
primary field (and also not in the same direction), 
the resultant field is elliptically polarized. Ellip- 
tical polarization is observed by the operator of a 
direction-finding receiving coil as a broad minimum 
in the place of a sharp null. Thus broad minimums 
rather than sharp nulls would be observed within the 
above three-decade range of the conductivity- 
thickness-frequency product. 

In the work reported in this paper, the operator 
always observed sharp nulls rather than broad 
minimums. Thus the data reported here simulate 
only geological sheet conductors of high conduc- 
tivity. Sheets of lower conductivity would produce 
anomalies of smaller amplitudes as well as broad 
nulls, but sheets of higher conductivity would not 
produce anomalies of significantly greater ampli- 
tude. 


IN- LINE METHOD 


Single Sheet Conductors: Fig. 1 shows the in-line 
anomaly for three strike directions of a vertical 
sheet. The orientation of the source-to-receiver 
line is shown in the upper right. This key also indi- 
cates the distance between source and receiver. 
For the purpose of describing the distances in the 
model, the source-to-receiver separation will be 
defined as one unit distance. The survey lines here 
are spaced 1/4 unit distance and stations are 1/4 
unit apart along the lines. The trace of the model 
conductors is shown by the heavy, straight lines. 
The model conductor had a strike length of 1 5/8 
units and a dip length of 5/8 unit. The top edge of 
the conductor was 1/8 unit below the survey lines. 
The inclination data are plotted at the receiver 
stations in the usual way. For example, if the re- 
ceiver coil inclination is to the right, a point is 
plotted to the right of the receiver station at a dis- 
tance from the line proportional to the inclination 
angle observed. 

The data in Chart B (Fig. 1) were obtained with 
the conductor strike 30° from the direction of the 
lines. Here it is noted that the inclination reverses 
direction when the receiver position is directly over 
the conductor on the lines which cross over the con- 
ductor, and the anomaly along any ane line is not 
symmetrical about the cross-over point. This non- 
symmetry is related to the source-to-receiver di- 
rection. The key at the far right of Fig. 1 shows 
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Fig. 2—In-line method, inclined conductors. 


that the source and receiver were on opposite sides 
of the conductor when the larger inclinations were 
observed, or stated differently, the anomaly is 
larger when the source is closer to the conductor. 

The depth of penetration of an electromagnetic 
apparatus is directly proportional to the coil spac- 
ing, if the conductor is immersed in a nonconducting 
medium. The coil spacings normally used with the 
moving source methods are not as large as the max- 
imum coil spacings attained with the large fixed 
source methods. However, the fact that the anomaly 
is larger when the moving source is near the con- 
ductor partially offsets the disadvantage of using a 
smaller source-to-receiver Separation as com- 
pared to using a large fixed source method. 

Chart C of Fig. 1 presents the data for a conduc- 
tor strike of 45° from the line direction. The in- 
clination is smaller in this case then in the 30° 
strike case. In data not shown, the inclination be- 
comes still smaller at larger strike angles, 
approaching a theoretical zero inclination at a strike 
of 90° to the line. The data for a 0° strike case can 
be deduced from Fig. 3A. 

Chart A of Fig. 1 presents the model data for a 
conductor strike of 15° to the line direction. In this 
chart, only one line shows a reversal of inclination, 
and inclinations in one direction only are observed 
on three other lines. The lines in these model 
charts are spaced one fourth the coil separation, 
whereas in the field, the lines are normally spaced 
about one coil separation apart. This chart illus- 
trates the poorer coverage obtained on lines which 
are at a Small angle to the strike direction of the 
conductor. If the conductor strike is parallel to the 
line, the coverage is still less than in the 15° case. 
Thus the three charts in Fig. 1 taken together indi- 
cate the in-line method works best on lines which 
are between 15° and 45° to the strike direction. 

Fig. 2 shows the in-line anomaly for three differ- 
ent dips of the conductor. Chart A at the left is the 
same as the middle Chart (B) in Fig. 1 with two 
exceptions: 1) only a centrally located survey line 
is shown, and 2) the data for the source-to- receiver 
direction reversed are also shown along this one 
line. The additional data are identified by the 
broken line curve. The key to the source-receiver 
orientation is shown at the far right. 

On the other two charts, the heavy solid line 
indicates the position of the top edge of the conduc- 
tor, and dashed lines indicate the projections of the 
other edges of the conductor. 
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Fig. 3—Broadside method, vertical conductors. 


The anomalies observed at these three dip angles 
are not identical, but the differences in the anomaly 
are rather subtle. In-line field data obtained over 
conductors dipping at angles between 90° and 30° 
usually do not reveal the dip of the conductor. Irreg- 
ularities in the shape of the geologic conductors 
appear to produce larger effects on the anomalies 
than does the dip of the conductors. 


BROADSIDE METHOD 


Single Sheet Conductors: In the other method of 
operation, known as the broadside method, the 
source and receiver move along parallel lines, 
maintaining the source-to-receiver line oriented 
in a constant direction. Fig. 3 shows the data ob- 
tained from the model for three strike directions of 
the conductor. Again taking the source-to-receiver 
distance as one unit, the lines in this figure and the 
next are spaced 1/2 unit, the conductor is 1/8 unit 
deep, 1 5/8 units strike length, and 5/8 unit dip 
length. 

The method of plotting the broadside data is to 
draw a line from the receiver position toward the 
source position, whose length is proportional to the 
magnitude of the inclination reading. The direction 
of the inclination reading is then indicated by a flag 
on this line. Inclination to the left is indicated by 
drawing the flag to the left of the line, while inclina- 
tion to the right is indicated by drawing the flag to 
the right of the line. A further differentiation be- 
tween the two directions of inclination is made by 
drawing a solid curve between the tips of the lines 
indicating inclination in one direction, while a 
broken line is used to connect the tips of the lines 
indicating inclination in the opposite direction. The 
point of reversal of inclination is manifested by a 
cusp. 

The receiver traversed each line twice, once with 
the source on the second line in one direction from 
the receiver, then on the second line in the opposite 
direction. The two sets of data are plotted on the 
corresponding sides of the receiver line. 

The conductor strike angle indicated here in each 
case is the angle between the conductor strike direc- 
tion and the line joining the source and receiver. 
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In this figure, as in the previous in-line cases, the 
inclination reversals appear directly over the con- 
ductors. In Chart A, Fig. 3, on the left, the anomaly 
is symmetrical with respect to the conductor. In the 
other two examples, the inclination is larger when 
the source and receiver span the conductor. In 
Chart C, on the right, the anomaly is noticeably 
smaller because of the large angle between the 
source-to-receiver line and the strike of the con- 
ductor. 

Fig. 4 presents the anomalies observed over con- 
ductors dipping at four different angles. Chart A is 
identical to Chart A of Fig. 3 and is shown here 
again for easy comparison. Chart D presents the 
data obtained over a horizontal sheet. The anomalies 
observed in these two cases are Strikingly different. 

Almost all of the anomaly from the vertical con- 
ductor is on the lines which cross the conductor, 
with only small inclinations observed on the lines 
beyond the ends of the conductor. However, in the 
horizontal sheet case, large inclinations are ob- 
served on two lines beyond the end of the conductor. 

In Fig. 4, as in Fig. 3, the source in every case 
was located on the second line from the receiver. If 
the inclination data from the horizontal sheet had 
been plotted at the source stations rather than at the 
receiver Stations, the larger parts of the anomaly 
would have fallen on the lines which pass over the 
conductor. Further, it is seen that the largest in- 
clinations are observed when the source is near the 
edge of the sheet. Other data for flat-lying sheets, 
not shown here, substantiate these observations. 
Thus, the edges of flat-lying conductors are located 
directly under the source positions which produce 
the maximum inclinations, whereas the vertical 
Sheet is located directly under the inclination re- 
versal points. 

The Charts B and C on Fig. 4 show the anomalies 
observed over conducting sheets dipping 60° and 30°. 
The anomalies over these conductors differ from 
the anomaly over the vertical conductor in that they 
extend over more stations on the down-dip side. The 
anomalies also extend to more lines beyond the ends 
of the conductor, showing the gradual transition of 
the anomaly from that over a vertical sheet to that 
over a horizontal sheet. 
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Fig. 4—Broadside method, inclined conductors. 


In interpreting field data, we can usually correctly 
interpret the horizontal conductors and conductors 
with shallow dip. However, the distinction shown 
here between the vertical and 60° dipping conductor 
is not sufficient to separate them under field condi- 
tions where irregularities of the shape of the con- 
ductors are also present. 

Schistose Conductors: Fig. 5 presents data obtained 
over the central part of a large model conductor 
consisting of many closely spaced vertical large 
sheet conductors. Here the model source remained 
at one station, while the receiver occupied stations 
on the arc of a circle whose center was at the source 
position. The source was oriented so that the re- 
ceiver was in the plane of the source during each 
reading. 

When the source-to-receiver direction was aligned 
with the direction of the schistosity, the inclination 
observed was zero. At receiver Stations to either 
side of this position, the receiver null position was 
tilted away from the on-strike station. In this case, 
the point of reversal of inclination is directly over 
the most strongly excited sheet, that is the sheet 
which extends directly under the source rather than 
over the geometrical center of the schistose con- 
ductor as a whole. These data show that the strike 
of the schistosity can be determined in the field by 
using the polar method of operation. 
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Fig. 5—Polay method, schistose conductor. 


It can be also deduced from the data of Fig. 5 that 
both the in-line and broadside methods of operation 
produce characteristic anomalies over schistose 
conductors. The inclinations from many adjacent 
stations are all in the same direction, and the in- 
clination reverses direction when the direction of 
the source from the receiver is reversed. 

Such an anomaly observed over the central part 
of the large schistose model is shown in Fig. 6A for 
the in-line method of operation. The conducting 
sheets were vertical and the strike of the sheets was 
30° from the direction of the line. When the source- 
to-receiver direction was reversed, the inclination 
also reversed. 

This reversal of the inclination with reversal of 
source-to-receiver direction when found in field 
data is strong evidence for interpreting the presence 
of conducting schists, differentiating these from 
massive types of conductors. An example of field 
data collected on 1000 ft of line over a graphitic 
schist is shown in Fig. 6B. The strike of the schis- 
tosity was about 45° from the line direction, and it 
dipped about 75° from the vertical. This is a near 
perfect example of an anomaly over conducting 
schistose rock. 

Depth to Conductor: Fig. 7 is a graph of the peak or 
maximum inclination observed along an optimumly 

positioned traverse line plotted against the depth to 
the conductor. The broadside method was used over 
a large vertical conductor. The source-to- receiver 
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Fig. 6—In-line method, schistose conductor. 
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Fig. 7—Peak inclination vs depth to conductor. 


line was oriented parallel to the strike direction. 

The inclination falls rapidly as the depth to the 
conductor increases for small values of depth, then 
approaches zero inclination gradually for larger 
depths. The inclination at a depth of 0.3 is 5°, ata 
depth of 0.5 it is 2°, and at a depth of 0.7 the in- 
clination is 1°. The depth of penetration of this 
apparatus is, of course, a function of how small an 
inclination is judged to be of significance in a given 
area. For example, if inclination readings of 2° are 
prevalent in a given area due to low resistivity 
overburden or rock, the depth of penetration is 
limited to less than half the coil separation. 

Strike Length of Conductor: Fig. 8 is a graph of the 
peak or maximum inclination plotted against the 
length of the conductor for relatively short con- 
ductors. Again the broadside method of operation 
was used, and the source-to-receiver direction was 
parallel to the strike direction of the conductor. 

The curves representing the inclination rise 
steeply for increasing conductor strike lengths 
from zero to one, then level off for conductor 
lengths greater than the coil separation. 

Fig. 8 shows that if the conductor has a short 
strike length, doubling the coil separation will not 
increase the size of the anomaly. For example, if 
the conductor has a strike length of 1/2 coil separa- 
tion and is 1/8 coil separation deep, the inclination 
anomaly is about 5.5°. Doubling the coil separation 
over this Same conductor reduces the ratios of 
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Fig. 8—Peak inclination vs length of conductors. 


strike length to coil separation and depth to coil 
separation to 0.25 and 1/16, respectively. At this 
point on the curves in Fig. 8, the inclination is about 
4°. In this example a small decrease in inclination 
is indicated for an increase in coil separation. 

Anomaly charts of the model data have been used 
as an aid in the interpretation of field data for 
several years. Also, from time to time, special 
conductor models have been built to help interpret 
a particular set of field data. In our experience, the 
model work has proved to be of unquestionable 
value. 
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QUANTITATIVE DISTRIBUTION OF MAJOR AND TRACE 
COMPONENTS IN ROCK MASSES 


Fundamental principles of trend surface analysis are briefly reviewed. Re- 
cent analyses of several granite masses illustrate the method of estimating 
the quantitative regional composition and also variation trends. Mineralogi- 
cal, bulk chemical, and other quantitative variates can be employed. Such 
results should improve gravimetric surveys (etc.) relying on correction 
terms based upon estimated rock composition. For the first time realistic 
estimates of the mean composition of rock bodies can be made with the aid 


of trend components. 


Deviation maps hold promise for delimitation of disseminated mineralized 
areas. Deviations comprise residual ‘‘anomalies’’ after removal of trend 
components. In petrogenetic work such deviations have been shown to reflect 
local influences (e.g., contamination of magma by assimilation of xenoliths or 
country rocks of the envelope). Similarly, mineralization should be reflected 
as deviations standing out from background trends. Actual examples are 


given. 


Present results largely involved projection of data onto a horizontal plane, 
but if sufficient data are available use of three spatial coordinates increases 
accuracy for prediction in ‘‘unexposed’”’ areas. Regression analysis shows 
that statistical correlations between variates for regionally distributed spec- 
imens are often strong (particularly with percentage data). Hence, in prelim- 
inary surveys more easily determined variates may sometimes be employed 
to gain first estimates of the distribution of components more economically 


significant. 


The sampling plan is of paramount importance. Unless a suitable sampling 
plan is devised and adhered to rigorously during collection of the samples, all 
subsequent analysis is liable to strong bias and to yield spurious estimates of 


the truth. 


Fo: a wide variety of purposes it is becoming nec- 
essary to assess the quantitative composition and 
variability of rock masses and mineralized zones of 
various types. In petrology and petrography this is 
something of a break with tradition, because virtually 
all descriptions heretofore have been qualitative. Al- 
though vast amounts of qualitative data have been 
compiled, little is known about the quantitative behav- 
ior of rock components. However, if variability of 
rocks could be understood and expressed with suf- 
ficient accuracy, there would be considerable advan- 
tage to both economic and petrogenetic problems. 
For example, if, on the basis of a limited series of 
observations, the three-dimensional geometry of a 
disseminated orebody (or ore-bearing formation) 
could be predicted accurately, it would be possible 
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to extrapolate with confidence the structure into 
unexposed areas. The following example based upon 
the geometry of an igneous cone sheet illustrates 
the point. 

The significant rock-unit gives outcrops at a num- 
ber of points on the exposed surface ABCD (Fig. 1A). 
Study of m exposures may enable a geologist to pre- 
dict that the rock-unit is circular in form and thus 
indicate where the unit can be expected in unexposed 
terrain. Such observations are made at sites with 
u, v coordinates, but, if subsurface information is 
available at sites with uwvw coordinates, it will even- 
tually become possible to predict accurately the 
three-dimensional form of the rock mass. 

Geologic rock masses or mineral deposits are not 
generally as regular and symmetrical in geometric 
form as the body illustrated in Fig. 1A. However, 
even where the broad limits of a major rock mass 
are known, a more acute problem arises in attempt- 
ing to obtain detailed quantitative estimates of its 
internal variability; it is difficult to predict the var- 
iability of a mass from a limited number of observa- 
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Fig. 1—A) Hypothetical cone sheet in uvw-space; 
ABCD represents the ground surface. Solid black 

is actual exposures ov observation sites below the 
ground. B) Diagram of linear (L) and quadratic (Q) 
least squares approximations to a dependent vari- 
able X. C) Ordinates of dependent variable X erected 
over uv-map. D) Diagram illustrating deviations of 
observed values of X from the quadratic least 
squares line, 


tion points. Within the last few years considerable 
advances have been made in methods of giving ex- 
pression to such quantitative variability. 

The methods available mainly involve the use of 
least squares techniques for the fitting of trend sur- 
faces to the observed data. The methods of computa- 
tion have been described in the literature, and the 
requisite calculations readily lend themselves to the 
use of digital computers.*» ®» 14 The interested reader 
is referred to these papers and no attempt will be 
made here to give details, although a brief outline 
of the nature of trend surfaces and deviation 
maps follows. In essence the method is very simple. 
In Fig. 1B a number of observations of a dependent 
variable X is plotted on a Xu-graph. By the method 
of least squares the line (X = a + bu) can be found 
which minimizes the sum of the squares of the de- 
partures of the observed points from the computed 
line. For greater accuracy a quadratic curve 
(X = a + bu + cu?) can be fitted to the same set of 
data points. Indeed cubic or higher degree curves 
can be found which progressively account for a 
greater proportion of the total sum of squares (i.e., 
reduce the sum of the squares of the deviations of 
the observed X values from the computed curve). 

Where the data points are distributed over a map, 
and each is located by uwv-coordinates, X-ordinates 
in the third dimension can be erected at each wu- 
point (Fig. 1C). Each ordinate is proportional to the 
dependent quantitative variate X (e.g., X = soil pH, 
quartz content of bedrock, etc.). 

By the method of least squares a linear surface 
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(X = a+ bu + cv) can be passed through the assem- 
blage of ordinates. When sufficient data points are 
available to warrant the calculation, quadratic 

(X =a+but+cv + dv + ev? + fuv), cubic, or higher 
degree surfaces can be computed to reduce succes- 
sively the sum of squares and the deviations. With 
respect to a particular set of data points, surfaces 
may be constructed for any dependent variable which 
can be conveniently expressed quantitatively. Under 
appropriate conditions such surfaces can be used 
for interpolating realistic values for the variate in 
unexposed (or unobserved) localities. 

Usually such trend surfaces are constructed with 
respect to samples collected at outcrops, and for 
convenience the collection sites are projected onto 
an arbitrary horizontal plane (represented by the 
map). In more refined work, the sample localities 
can be defined in three-dimensional space (uuvw-co- 
ordinates) by recording the elevation of the site. A 
surface may be passed through the ordinates for the 
variate at each ww data point, and this trend com- 
ponent will be in four dimensions. The linear com- 
ponent will have the form X = a + bu + cv + dw, and 
similarly functions of u, v, and w can define the 
higher degree components. 

Examples of each of these constructions are given 
in the following section. Employment of such tech- 
niques enables realistic estimates to be made of the 
quantitative composition and variability of any 
mapped variate within a rock mass. Such surfaces 
could frequently be of considerable geologic and eco- 
nomic significance, but in many circumstances maps 
of the deviations are of greater value. 

Deviations are defined as the difference between 
the observed value of the dependent variable and the 
computed value on the trend surface at the same 
spatial location www. Such deviations, when plotted 
on a map and contoured, show regions where the ac- 
tual observed values are greater or less than those 
of the regional trend (defined by the trend surface). 
Such deviations may give strong indications of sig- 
nificant local concentrations of various minerals or 
elements which are not immediately obvious from 
standard observational techniques. In Fig. 1D a sim- 
ple quadratic trend component reflects the general 
trend of variate X, and a plot of the deviations would 
emphasize the significant positive deviations at A 
and B. The nature and significance of deviations 
is discussed more fully by Grant,* Krumbein,° and 
Whitten.**’** 


PRACTICAL EXAMPLES 


Regional Trends and Variability: In geological prob- 
lems involving igneous rocks quantitative regional 
variability can be determined most easily in terms 
of variates such as specific gravity or bulk mineral- 
ogical composition. The objective method of com- 
puting trend components is superior to manual con- 
touring, which is susceptible to considerable sub- 
jective bias. 

The Wollaston granitic pluton, Ontario (Fig. 2), 
provides a simple example. Structural, modal, and 
radioactivity data for this mass are given by Saha. 
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Fig. 2—Structural sketch map of the Wollaston gra- 
nitic pluton, near Bancroft, Ont. M = one mile. 
Foliation planes indicated in the biotite hornblende 
granite (unornamented). Metasediments comprise 
crystalline limestones (brick ornament) and biotite 
and calcareous pavragneisses (chevron ornament). 
Metasomatized roof pendants within the granite 
have irregular ornament. (After Saha’) 


Dr. A. K. Saha has kindly given permission to use 
additional data contained in his thesis.” Cubic par- 
tial trend surfaces have been constructed from the 
quantitative data determined by Saha (see Fig. 3). 
Trend surfaces such as these give a much more 
significant picture of the variability than a table of 
modes, etc. The relationships between the patterns 
of modal variation (Fig. 3) and the structure of the 
pluton are striking, and the quantitative picture 
which emerges is of considerable petrogenetic sig- 
nificance (cf. Saha‘®). 


Fig, 3—Linear plus quadratic plus cubic partial 
trend surfaces for the Wollaston granitic pluton, 
Ont., Canada. Sums of squares data given in Table 

I. A) Quartz percentage. Dots indicate specimen 
locations. B) Color index. C) Potash feldspar/plagio- 
clase ratio. D) Radioactivity (a-activity in a per 

sq cm per hr units). 


That meaningful modal data can be compiled for 
igneous, metamorphic and sedimentary rocks is now 
well accepted, and the methods and limitations of ob- 
taining such data are relatively well known.? Usually 
it has been accepted that accessory minerals cannot 
be adequately accommodated by standard modal anal- 
ysis techniques. However, in a recent study of the 
“older granite” of Donegal, Eire, Whitten ° demon- 
strated that trend components for sphene, epidote, 
and hornblende percentages are compatible with the 
variability established for major components. 

(Some of these maps are reproduced here as Fig. 
4.) It would appear that accessory components can 
be employed for trend surface studies provided ap- 
propriate safeguards are made. This applies equally 
to chemical trace elements. 

The question of determining the significance of a 
particular trend component (surface) for prediction 
purposes is fraught with numerous difficulties. How- 
ever, as a first approximation the percentage of the 
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08 ‘“‘older granite’’ of Done- 
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i9 0.6 10 Donegal, Eire.*’ Sur- 
ra 6 ? faces based on averages 


of four specimens per 
square mile (one per 
square mile). Sums of 
squares data given in 
Table I, 
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24 2 x, QUARTZ HORNBLENOE 
total sum of squares accounted for by a surface is a Three-dimensional studies of modal variability 
good guide to its significance when the number of completed to date show much promise. The mineral- 


data points (N) is taken into account.** In Table I the ogical variability of the Giant Forest pluton, Sequoia 
sums of squares applicable to the surfaces in Figs.3 and Kings Canyon National Parks, Sierra Nevada, 
and 4 are compared with those for the lower degree Calif., may be used as an illustration. In a recent 


surfaces. In the Wollaston pluton the cubic surface paper Ross?! recorded the modes for some 50 speci- 
for radioactivity accounts for a much smaller per- mens of this pluton, indicated the specimen local- 
centage of the total sum of squares than do the cubic ities on a small-scale sketch, and gave a contoured 
surfaces for the three modal variates. This indi- map (Ross, Fig. 2 and Plate 1).11 In order to com- 
cates that there is much more local variability in pute trend components the approximate elevation of 
the radioactivity data (relatively poorly approxi- each sample has been deduced from Ross’ contoured 
mated by the cubic surface), and thus that this sur- map. In Table II are quoted the percentages of the 
face is a much poorer instrument of prediction than total sums of squares accounted for by linear, linear 
the quartz percentage and feldspar ratio surfaces. plus quadratic, and linear plus quadratic plus cubic 
partial trend surfaces. These surfaces have been 
Table I. Percentage of the Total Sums of computed in the conventional manner by projecting 
Squares Accounted for by Trend Components all the outcrop specimens on an arbitrary horizontal 


plane and assigning uwv-geographical coordinates. 

Linear plus The cubic surface for potash-feldspar percentage is 
Linear plus Quadratic ih in Fi 

Variable Linear Quadratic plus Cubic shown in Fig. 9. 


In the map area of the pluton there is about 8000 


Wollaston Pluton, Ontario (N = 31) 


Quartz percentage 34.0 42.0 53.2 Table Il. Percentage of the Total Sums of Squares Accounted for 
Color index 52 26.3 40.1 by Trend Components of the Giant Forest Pluton, Sequoia and 
Microcline/Plagioclase ratio 15:5 47.1 53.0 Ki Gc Nati | Parks, C lif. 
Radioactivity 8.7 213 25.2 PR 
Thorr District of ‘Older Granite’ of Donegal, Eire* Linear plus 
Linear plus Quadratic 
Quartz percentage 42.6 43.8 ee Variable, Linear, Linear, Quadratic, plus Cubic, 
Color index 28.5 73.0 _ N = 50 uy uvw uv uy 
Microcline/Plagioclase ratio 36.5 67.1 - 
Sphene percentage 18.7 47.2 = Quartz percentage 2.39 2.76 9.33 14.06 
Epidote percentage 15.4 27.5 = Color index 9.87 12.89 13.63 24.99 
Hornblende percentage 49.5 S552 = Microcline/Plagio- 
clase ratio 32.67 35.62 34.92 38.44 
*(N = 21; each datum is average of four specimens within same Microcline 
square mile) percentage 32.81 36.67 Shyi/il 41.80 
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Fig. 5—Linear plus quad- 
vatic plus cubic partial 
trend surface based upon 
uv coordinates only for 
potash feldspar percent- 
age in Giant Forest plu- 
ton, Sierra Nevada, Calif. 
Giant Forest pluton is un- 
ornamented; Palaeozoic- 
Mesozoic metasediments 
have wavy ornament, and 
miscellaneous other gra- 
nitic intrusives have v- 
ornament. GFV is Giant 
Forest Village, Sequoia 
National Park; black 
dots are specimen lo- 
calities (with elevations in 
feet). Origin of uv co- 
ordinates is just north- 
west of the map area at 
the exact northwest cor- 
ner of Ross’ Plate 1." 


TWO MILES 


ft of relief, and hence w (vertical) coordinates are 
significant. The percentage of the total sums of 
squares accounted for by the linear component with 
respect to uw, v, and w are indicated. For color in- 
dex the percentage of the total sum of squares ac- 
counted for by the linear computed with respect to 
u, Vv, and w is considerably greater than that com- 
puted with respect to u and v only. In the case of 
both feldspar ratio and microcline percentage, the 
linear with respect to uw, v, and w accounts for a 
greater percentage of the total sum of squares than 
the quadratic with respect to u and v only. This il- 
lustrates that when the w coordinate is employed in 
addition to u and v the trend component is an appre- 
ciably better approximation to the observed data. 
Higher degree components with respect to u, v, and 
w may be expected to yield greater increases in the 
proportion of the total sum of squares. In the case 
of the Giant Forest pluton, however, the scatter of 
w values with respect to u and v barely justifies use 
of higher degree wvw trend components. 

The equations for the linear components are: 


Quartz percentage: X, = 25.66 + 0.062u + 0.044 
~2.21w [1] 

Color index: X, = 9.24 + 0.87u - 0.96u 
+ 5.92w [2] 
ratio: = 0.47 0.038w + 0.055v 


K-feldspar percentage: X, = 21.66 — 1.61u + 2.16u 
- 10.37w. [4] 


These equations provide the computed value (and 
hence the deviation) at each sample site, and may be 
used as a basis for prediction at any other uvw-lo- 
cation. Each of the four components may be used to 
draw a trend surface map at any convenient eleva- 
tion by assigning that elevation to w. In these equa- 
tions the unit of length for uw, v, and w is one mile, 
and the origin of the coordinate system is sea-level 
at the northwest corner of Ross’ Plate 1.1! Since the 
coefficient of w in Eq. 2 is positive, color index in- 
creases with elevation. By contrast, the negative co- 
efficients of w in the other three equations show that 
quartz percentage, potash-feldspar /plagioclase ra- 
tio, and potash feldspar percentage all decrease with 
increased elevation. 

Where detailed areal studies of the type outlined 
are possible prior to gravimetric and similar sur- 
veys, much more accurate results will emerge. For 
example, Cook and Murphy? have published an inter- 
pretation of the structural relationships of the Done- 
gal granite of Ireland on the basis of a network of 
gravity determinations. The computations involved 
a knowledge of the specific gravity of the granite 
bedrock. Their results would have been considerably 
improved if regional trend surface maps had been 
available and if it had been realized how extraordi- 
narily variable is the granite complex. Trend sur- 
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Fig. 6—Bouguer gravity at East Sullivan, Val d’Or, 
Quebec. Units: 10~ milligal. A) Map of observed 
data after Innes* and Grant (Fig. 1).* B) Computed 
trend surface after Grant (Fig. 4).* C) Deviation 
map indicating sulfide ovebody at surface (black) 
and at 450-ft level (gray) after Grant (Fig. 5) 4 


face maps for various modal variates for the whole 
of the “older granite” of Donegal have been published 
by Whitten (Fig. 3).35 

Further trend surface maps are contained ina 
manuscript recently completed and awaiting pub- 
lication. These studies relate to the Bahalda Road 
granodiorite (India), the Deloro pluton (Canada), the 
Beinn an Dubhaich granite (Scotland), and the Mourne 
Mountain granite G2 (Ireland). 
Deviation Maps: It is hoped that the examples illu- 
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strated subsequently will indicate the promise which 
attaches to deviation maps in different fields of quan- 
titative investigation. 

Fig. 6 is based upon maps published by Grant 
(Figs. 1, 4, and 5) illustrating a study of trend com- 
ponents and deviations computed from original Bou- 
guer gravity data recorded by Innes? in the East Sul- 
livan area, Val d’Or, Quebec. From Fig. 6 it can be 
seen that the deviations show a significant correla- 
tion with sulfide ore bodies as mapped at the sur- 
face and underground. 

In Fig. 7 is reproduced a map previously published 
by Whitten (Fig. 5).1° It has been independently dem- 
onstrated that part of the “older granite” of Donegal, 
Eire, possesses a marked ghost stratigraphy defined 
by included metasedimentary relics. The trend com- 
ponents are based upon one mode of the granite per 
quarter square mile. Positive deviations of micro- 
cline/plagioclase ratio for the granodiorite correlate 
with areas within the igneous rock in which calc- 
rich metasedimentary xenoliths are both dominant 
and abundant. Thus in association with calc-rich en- 
claves the granite has a higher microcline/plagio- 
clase ratio than anticipated by the quadratic trend 
component (positive deviations). This discovery has 
important petrogenetic implications so far as the 
Donegal granite is concerned. Also, it would not 
have been anticipated that feldspar ratio would be 
an indicator of calc-silicate xenoliths. It is not un- 
likely that, in a similar manner, subtle deviations 
not observable by standard techniques may indicate 
associations with metasomatic mineralization prod- 
ucts and other petrogenetically and economically in- 
teresting materials. 

A third example illustrates such an unexpected re- 
sult, and suggests that deviation studies may prove 
very rewarding. The data refer to the Tyler Creek 
tungsten mine, Tulare County, Calif., and Fig. 8 in- 
corporates a sketch-map based upon that of Carlisle 
and Cleveland (Fig. 8).1 Carlisle and Cleveland, in 
their study of plants as a guide to mineralization 
recorded the soil pH for samples at 28 localities 
(6 in. below the surface) within the map area. The 
authors noted that the ‘‘...soil ranged in pH from 
6.20 to 8.10, averaging 6.90 at 30 stations in the 
mine area. As might be expected, the soil overlying 
granodiorite was the most acid; the soil derived 
from quartzite and schist was intermediate; and 
limestone soil was the most basic...’’ (p. 26).! 

They also demonstrated the absence of a clear re- 
lationship between soil pH and concentration of mo- 
lybdenum in Blue Oak trees growing at the same 
sites (Fig. 

When subjected to trend surface analysis, how- 
ever, the soil pH values show a remarkable relation- 
ship to the ore body and mine dumps. Fig. 8B shows 
the quadratic partial trend surface which has high 
pH values centered on the ore body area. The cor- 
relation between positive deviations (i.e., where 
computed surface values are too low) and the ore 
body and dumps is remarkably close (Fig. 8C). It 
is highly suggestive that in this case positive devia- 
tions in soil pH are good indicators of mineraliza- 
tion. This is particularly interesting because re- 
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Fig. 7—Comparison of 
palimpsestic ghost stra- 
tigraphy and ghost stra- 
tigraphy of ‘‘older gran- 
ite’’ of Donegal in 
Thory district, Donegal, 
Eire.” A) Positive de- 
viations from linear 
plus quadratic partial 
trend surface for the 
feldspar ratio within 
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gression analysis based upon the data in Carlisle 
and Cleveland’s Table 19! gives: 


Correlation 


Variables Coefficient, r 
Rock type and molybdenum of Blue Oak twigs 0.17 
Rock type and soil pH 0.43 
Rock type and ratio of molybdenum of Blue Oak 
twigs to soil pH 0.12 
Molybdenum of Blue Oak twigs and soil pH 0.28 


In other words there is a relatively strong correla- 
tion between soil pH and type of bedrock, but appar- 
ently the association of high soil pH with the tung- 
sten mineralization area is superimposed upon this 
relationship. 


CONCLUDING REMARKS 


Where specimens can be collected according to a 
rectangular geographic grid, trend surface analysis 
becomes much more simple and more thorough anal- 
yses can be undertaken. Unfortunately, it is usually 
very difficult or impossible to obtain geologic data 
collected according to an orthogonal plan. In most 
cases specimens are available only at certain places, 
and the resulting scatter of sample sites is nonor- 
thogonal.®»’ With nonorthogonal samples, the trend 
components cannot be defined as accurately, and it 
is more difficult to isolate completely the trend com- 
ponents from the deviations. In all the examples 
used in this paper (except the Bouguer gravity 
maps), nonorthogonal analysis had to be employed. 


Once trend surfaces have been developed for all 
of the mineralogical or chemical constituents of a 
rockmass, it becomes possible to produce realistic 
estimates of the average composition and variabil- 
ity of the whole target population which has been 
studied on the basis of the sampled population of 
specimens. Krumbein’ recently dealt extensively 
with the concepts of target and sampled populations 
in geology. At present no reliable information ex- 
ists concerning the mean composition of any ig- 
neous rock mass (pluton, etc.) or of the average 
composition of all intrusions of similar type (e.g., 
granitic, gabbroic, etc.,).1® If the sampled popu- 
lation represents outcrop specimens, then the mean 
composition deduced from the trend components will 
be that of the surface layer of the rock mass as pro- 
jected onto the horizontal map surface. Such pro- 
jection may be unrealistic where the area is one of 
considerable relief and where the rock mass has 
appreciable vertical variability. If subsurface in- 
formation is available in addition to outcrop data, 
the three-dimensional quantitative variability can 
be assayed by assigning u, v, and w coordinates to 
the sample localities, and then computing the trend 
components in four dimensions. 

In this paper an attempt has been made to illus- 
trate the potential usefulness of trend components 
and deviations in analysing the quantitative distri- 
bution of major and trace components of rock 
masses. Although this is not the place to deal ex- 
tensively with statistical sampling and correlation 
between variates, at the same time it should be em- 
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Fig. 8—The Tyler Creek tungsten mine, Tulare Coun- 
ty, Calif. A) Geologic sketch map after Carlisle and 
Cleveland: Black dots are sample stations; A ts adit; 
D is dump; GR is granodiorite; PO is open pit; ST is 
Tactite at surface; and TD is Tactite at depth. B) Lin- 
ear plus quadratic partial trend surface for soil pH 
which accounts for 14.7 pct of the total sum of 
squares. C) Positive deviations from the linear plus 
quadratic trend component for soil pH, based upon 
sample sites inA. 


bias in data collection is fundamental. Also, in 
planning collection of data, considerable attention 
must be given to the dependence or independence of 
the variates which are to be employed. Because of 
the strong correlations between some variates, it 
would appear that in many preliminary surveys, cer- 
tain variates which are more easily determined may 
be employed to obtain an initial estimate of the dis- 
tribution of other variates that are less accessible, 
or less easily measured. For example, in studying 
a batholith it might be found that trend components 
for specific gravity correlate closely with those for 
modal and chemical variates, and afford a source of 
rapidly obtained quantitative data. These subjects 
have been dealt with in considerably more detail in 
a manuscript awaiting publication. 
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BASIC STATISTICAL MEASURES USED IN GEOCHEMICAL 
INVESTIGATIONS OF COLORADO PLATEAU 


URANIUM DEPOSITS 


Distribution of minor elements in sandstone-type uranium deposits of the 
Colorado Plateau is being studied by the USGS on behalf of the AEC. A pri- 
mary objective has been to provide basic data which could be useful in geo- 
chemical exploration for new deposits. The basic statistical measures — 
similar to those used in sedimentary petrology—are described. The under- 
lying principle is that the frequency distributions fit or approach the log- 


normal form. 


Si 1952 the U. S. Geological Survey on behalf of 
the U. S. Atomic Energy Commission has con- 
ducted a study of the distribution of minor elements 
in sanastone-type uranium deposits of the Colorado 
Plateau. A primary objective in this study has been 
to provide basic data which could be useful in geo- 
chemical exploration for new deposits. Among the 
basic data considered important are estimates of 

the abundance and habit of each element in the ore 
and in the host rocks. It has been found that a few 
basic statistical techniques, and variations of these 
techniques, are useful in this type of study. Some of 
the basic techniques have been used to advantage 

by researchers in geochemistry and in other fields 
of geology, especially sedimentary petrology; 

others have been used to only a limited extent. 
Among the latter is the linear correlation coefficient, 
which has proved useful in assessing the element as- 
sociations in a particular rock type without analysing 
individual mineral separates. 

In computing the basic statistical measures a 
scale has been used which is, in some ways, similar 
to the phi (¢) scale used by sedimentary petrol- 
ogists in grain-size studies.’ 


FREQUENCY DISTRIBUTIONS 


It has been recognized for some time that the 
results of analyses for a given minor element in a 
suite of samples of rocks or ores yield frequency 
distribution curves which are approximately normal 
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when the curves are plotted on logarithmic or geo- 
metric scales. In other words, the analytical re- 
sults give an approximate lognormal frequency dis- 
tribution. A classical example is given by D. G. 
Krige’ in the study of the distribution of gold 
values from a mine on the Witwatersrand. An- 
other example is shown in Fig. 1, the distribution 
of barium concentrations in samples of uranium 
ore from the Chinle formation. The geochemical 
data are analogous to grain-size data gathered by 
the sedimentary petrologist. Both types of data, 
after simple logarithmic transformations, may be 
treated by conventional statistical methods based 
on the normal distribution. This is not to say that 
other types of transformations may not serve equally 
well or better for particular element distributions.° 
Spectrographers and other analysts are quite 
aware of the dependence of their precision on the 
concentration of the element present.* For exam- 
ple, in the part per million range the variation may 
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Fig. 1—Normal curve fitted to histogram of barium 
concentrations in uranium ore samples from the 
Chinle formation. 
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Table |. Geometric Classes Used in Reporting Semi- Quantitative 
Spectrographic Analyses by the Geological Survey 


Boundaries, Midpoints, Log,, Code 
Pct Pct Midpoint, M Number, C 
10. 
Tis 10.8333-10 18 
10.5000-10 ly 
2 
10.1667-10 16 
ile 
0.7 9.8333-10 ills: 
0.5 
0,3 9.5000-10 14 
O52 
0.15 9.1667-10 13 
0.1 
0.07 8.8333-10 12 
0.05 
0.03 8.5000-10 11 
0.02 
0.015 8.1667-10 10 
0.01 
0.007 7.8333-10 9 
0.005 
0.003 7.5000-10 8 
0.002 
0.0015 7.1667-10 7 
0.001 
0.0007 6.8333-10 6 
0.0005 
0.0003 6.5000-10 5) 
0.0002 
0.00015 6.1667-10 4 
0.0001 
0.00007 5.8333-10 3 
0.00005 
0.00003 5.5000-10 2 
0.00002 
0.000015 5.1667-10 1 
0.00001 
0.000007 4.8333-10 0 
0.000005 


be only a few parts per million, whereas in the 
higher percentage range the variation is in terms 
of a few percent or a few tenths of a percent. To 
cover wide ranges of concentration, even for the 
same element, reporting determinations by geo- 
metric classes has met with increasing favor. The 
scheme used by spectrographers of the USGS for 
reporting results of semiquantitative analyses is 
outlined in Table I. Thus the data generated in a 
geochemical investigation using spectrographic 
analyses are again analogous to data generated by 
the sedimentary petrologist who uses a standard 
series of sieves in measuring grain sizes. For his 
sieve series is based on a geometric progression 
similar to the progression formed by the spectro- 
graphic class boundaries. 

The logarithms of the midpoints of the classes 
used in reporting the spectrographic analyses 
(column M in Table I) are cumbersome and not 
easily handled in statistical computations. As an 
alternative, we have numbered the classes from 0 
to 18 in order of increasing concentration, and used 
this coding in all subsequent calculations (Table I). 
Statistical measures expressed in these numbers 
may be converted to logs, to the base 10, by simple 
arithmetic transformation. 

In a geochemical investigation of uranium deposits 
of the Colorado Plateau, this scale of coding was 
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found useful in calculating several statistical mea- 
sures, particularly mean concentrations, measures 
of variation and correlation coefficients. 


MEAN. CONCENTRATIONS 


Geometric means, though commonly used in 
sedimentary petrology, have only recently been em- 
ployed in geochemical discussions.” In the past 
nearly all mean concentrations of elements in rocks 
and ores were expressed by the more familiar 
arithmetic mean (the average of common parlance), 
the sum of a number of individual measurements 
divided by this number. The popularity of the arith- 
metic mean was partly due to its identity in sym- 
metric distributions, including the normal distribu- 
tion, with the mode (the most plentiful value) and the 
median (the half-way value). In skewed or asym- 
metric distributions, as the arithmetic mean is a 
different value from both the median and the mode, 
it is obviously no longer the best measure of central 
tendency. 

An important advantage of the geometric mean 
over the arithmetic mean for treating minor ele- 
ment data is that is is a more stable statistic: it is 
less subject to change with the addition of new data. 
Furthermore, the geometric mean is closer to the 
median and modal values of the frequency distribu- 
tion, and, therefore, is a more characteristic or 
typical value (Fig. 1). 

Cn the other hand, for a single figure to represent 
the abundance of an element in a body of rock or 
other geological unit, the arithmetic mean is still 
the most appropriate figure. Thus the arithmetic 
mean is appropriate in ore reserve calculations. 
Even here the arithmetic mean is more stable when 
derived from the geometric mean, through their 
relation involving the logarithmic variance, than 
by direct calculation. 

In the study of the Colorado Plateau uranium de- 
posits geometric means are computed by finding the 
arithmetic mean of the simple whole number (C) 
assigned to each logarithmic class. This value is 
converted to a log to the base 10 by the equation 


(1/3: 64:83) =10 


where M is the mean logio of the concentration, the 
latter expressed in percent, and C is the mean of 
the values used in the calculation. The antilog of 
M is the geometric mean expressed in percent. 

In many cases a Set of analyses for a given 
element in a group of samples will show detectable 
concentrations in only a small number of the sam- 
ples, and it is apparent that the mean concentration 
is well below the limit of detection of the analytical 
method. An alternative to reporting the means as a 
less than value can be taken if some preliminary 
assumptions are made. These are 1) that the total 
frequency distribution, if it were known, would fit 
approximately to a lognormal form, and 2) that the 
standard deviation of the total distribution is about 
equal to the mean standard deviation of all other 
elements in the rock suite. For example, arsenic 
was detected spectrographically in only 15 out of 87 
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Fig. 2—Comparison of arsenic concentrations deter- 
mined by spectrographic and colorimetric analytical 
methods. 


samples of uranium ore from the Chinle formation. 
If the 15 known concentrations are plotted on a histo- 
gram, as in Fig. 2, a normal curve can be fitted. 
The shape of the normal curve is defined only by its 
standard deviation, and it was assumed here that 
the standard deviation of arsenic concentrations in 
the Chinle ores is equal to the mean standard devia- 
tion of all other elements in the ores, i.e., all other 
elements for which a standard deviation was known. 
Using tables for area under the normal curve it is 
possible to compute back to the mean from the limit 
of detection of the analytical method. 

For arsenic, determined spectrographically, in the 
Chinle ores the approximate geometric mean con- 
centration estimated in this manner is 0.02 pct. Sub- 
sequent analyses for arsenic in the same 87 sam- 
ples, by a colorimetric method with a greater sensi- 
tivity, showed that the assumptions regarding the 
form of the total distribution and the estimated geo- 
metric mean were not incorrect (Fig. 2). Mean logs 
and geometric means computed on the basis of the 
above assumptions are in most cases only approxi- 
mate and should be viewed with caution, but they are 
considerably more informative than the less than 
value given alone. The maximum information is 
extracted from the available analytical data. 
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Fig. 3—Gyraphs showing relation of arithmetic mean: 
geometric mean ratio to geometric deviation accord- 
ing to equation of Sichel (1952, p. 275). 


The arithmetic mean is a more stable measure if 
it is computed by a method given by Sichel® rather 
than by the conventional method. Sichel gives the 
arithmetic mean of a lognormal distribution as a 
function of the mean log and the log variance. It 
may also be regarded as a function of the geometric 
mean and the log standard deviation. Sichel’s tables 
and equation may be converted to curves (Fig. 3) 
which allow the arithmetic mean: geometric mean 
ratio to be determined graphically from the geo- 
metric deviation. Ahrens® apparently before he was 
aware of Sichel’s theoretical derivation of the rela- 
tionship, drew a curve such as one of those shown 
on Fig. 3 on an empirical basis, by comparing 
arithmetic mean:geometric mean ratios with geo- 
metric deviations computed in his own studies. 


Table Il. Comparison of Arithmetic Mean With Analyses of 
Composite Samples 


Analyses of Composite Samples 
Arithmetic Mean of of 96 Sandstone Samplest 


Analyses of 96 


Element Sandstone Samples* A B 
Al 1.4 1.36 1.34 
Fe 0.32 0.32 0.36 
Ca 6.4 3.87 3.69 
Mg 0.37 0.40 0.45 
Na = 0.17 0.13 0.13 
K =0.75 0.71 0.71 
ut 0.00021 0.00025 0.00017 


*From semiquantitative spectrographic analyses by R. G. Havens, 
USGS. 

+Two separate composite samples were made from the same 96 
samples used to obtain means. Differences between composites A and 
B are due both to compositing and to analysis; the differences due to 
analysis are probably small as relatively precise methods were used. 
From chemical analyses by V. C. Smith, USGS. 

{Fluorimetric uranium analyses on individual samples and compos- 
ites, by Wayne Mountjoy, J. W. T. Meadows, and H. H. Lipp, USGS. 
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We have found that arithmetic means computed 
from the curves in Fig. 3 are, in most cases, 
close to the values found by analyzing composite 
samples made up from the individual samples in the 
suite. A comparison is given on Table II. With the 
exception of calcium the agreements are close. The 
differences between the estimates of the calcium 
content of the sandstone, assuming absence of ana- 
lytical bias, may be related to the fact that the fre- 
quency distribution of calcium concentrations in the 
individual samples departs notably from the log- 
normal form, making Sichel’s method inappropriate 
in this case. 

The resulting composition, whether from averag- 
ing of individual sample data or from analyzing 
composites, is still strictly that of the sample 
suite. Extending this first to the sample population, 
and then possibly to a target population is a subject- 
matter problem, as pointed out by Krumbein.° 


MEASURES OF VARIATION 


Using the simple whole numbers (C) assigned to 
the logarithmic class intervals (Table I) the stand- 
ard deviation of element concentrations may be 
computed by conventional methods for grouped data. 
If this value is divided by 3 the standard deviation 
in terms of logs to the base 10 is obtained. The 
antilog of the log standard deviation is termed the 
geometric standard deviation in sedimentary petrol- 
ogy but is shortened to geometric deviation * here. 
Ahrens refers to the antilog of the log standard 
deviation as \’. The geometric deviation, or ’, has 
no dimensions such as percent or millimeters. It 
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Fig. 4—Scatter diagrams showing distributions of 
points having various values of correlation coeffi- 
cient ry. (For explanation of code numbers, see 
Table I.) 
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is a factor, which when divided into the geometric 
mean gives a lower limit, and when multiplied by 
this mean an upper limit, of a range that includes 
about 68 pct of the values closest to this mean. Also, 
similarly, multiplying and dividing by the square of 
the geometric deviation gives a range which will in- 
clude about 95 pct of the individual values. 

The correlation coefficient has not been used 
widely by geochemists, though some have found it 
a useful measure.”**”* The linear correlation co- 
efficient, in brief, varies from —1 through 0 to +1 
and measures the degree to which a scatter of 
points plotted on rectangular coodinates fits a 
straight line (Fig. 4). The coefficient is negative 
if the line of best fit has a negative slope. The sig- 
nificance of a particular value computed as a cor- 
relation coefficient, or the probability that a par- 
ticular coefficient could occur by chance, may be 
determined from statistical tables such as those 
given by Fisher and Yates.” In the interpretation of 
correlation coefficients among rock components 
the possible effect of a constant sum of the com- 
ponents from sample to sample must be considered,» 
although this effect can probably be ignored when 
the components are in the parts per million range. 

The correlation coefficient computed between 
logarithms of element concentrations is a conven- 
ient measure of geochemical coherency, or the 
degree to which a pair of elements vary together 
in a group of rock samples. As such, correlation 
coefficients may be used to assess, in a broad way, 
the mineral hosts or mineral associations of ele- 
ments in the rock samples. However, the reasons 
for an association must be sought elsewhere. For 
example, calcium in sandstones from the Salt Wash 
member of the Morrison formation on the Colorado 
Plateau is contained almost entirely in calcite ce- 
ment, but the correlation coefficient computed be- 
tween the logs of the calcium concentrations and the 
logs of the manganese concentrations in 96 samples 
is +0.79. Therefore, it is almost certain that man- 
ganese in these samples is spatially associated with 
the calcite, and in view of the known crystal chem- 
istry of calcite, it is probable that the manganese 
in the sandstones is contained largely within this 
mineral. The correlation coefficient points the way, 
but further analyses of calcite samples are needed 
to confirm this probability. 

The correlation coefficient is computed by con- 
ventional methods for grouped data using the simple 
whole number (C numbers) assigned to the spectro- 
graphic log classes (Table I). No antilog transfor- 
mation of the coefficient is needed. 


SUMMARY AND CONCLUSIONS 


Some basic statistical measures used in the geo- 
chemical investigation of Colorado Plateau ura- 
nium deposts have been computed by methods which 
are, in many ways, similar to the methods used in 
sedimentary petrology. An important difference, 
however, has been that the geochemical results are 
converted back to units of decimal fraction, percent, 
or parts per million by weight, whereas grain-size 
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data in sedimentary petrology are commonly re- 
tained in log units. The underlying principle which 
allows geochemical and grain-size data to be treated 
by similar statistical methods is that the frequency 
distributions of both types fit or approach the log- 
normal form. 

By using the array of simple whole numbers as- 
signed to the logarithmic spectrographic classes, 
cumbersome logs to the base 10 are avoided and all 
the basic statistical measures may be computed on 
0x7 cards using a desk calculator. In cases where 
large numbers of correlation coefficients are re- 
quired, the simple whole numbers may be easily 
recorded on data cards for an eleetronic computer. 
Means which are computed in terms of the code 
numbers may be converted to logs to the base 10 by 
a linear equation; log standard deviations in terms 


of the code numbers are divided by 3 to obtain the 
standard deviation in logs to base 10; the correla- 
tion coefficient computed on the code numbers is 
identical to the correlation coefficient computed on 
logs to any base. 

Although the code number scale presented here 
is set up for a particular system of reporting, 
scales can be devised for other schemes of report- 
ing analytical results, providing these schemes are 
based on simple geometric progressions. The pro- 
gression in Table I is generated by a factor equal to 
the cube root of 10, and so the whole number 3 and 
the fraction 1/3 are used in conversion to common 
logs. However, geometric series may also be 
generated by factors which are other whole roots 
of 10, or by any number greater than unity. 
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RELATIONSHIP OF GRAPHITE IN SOILS 


TO GRAPHITIC ZONES 


The graphitic carbon content of soils may be used to detect and delimit sub- 
surface graphitic zones. Spectrographic measurement of carbon in C horizon 
soils from several areas in the northeastern United States shows good corre- 


lation with known graphitic bodies. 


odies of graphite and sulfides are readily located 
B:. electromagnetic prospecting methods, but 

these methods cannot generally discriminate between 
them. Usual practice, therefore, requires follow-up 
work on electrically anomalous areas by trenching, 
drilling, or soil sampling in order to determine the 
mineralogical nature of the conductor. The efficiency 
and cost of such follow-up is consequently an impor- 
tant factor in prospecting. 

The presence of buried sulfide deposits is often 
reflected in concentrations of metals in the superin- 
cumbent soil. Simple chemical tests for such metal 
concentrations have been developed and applied with 
considerable success. Bodies of graphite or mix- 
tures of graphite and sulfides are, however, very 
common and a means whereby buried graphite could 
be detected by soil testing should provide valuable 
additional information in the search for ore sulfide 
and graphite deposits. 

Graphite is a notably stable substance and should 
persist in soil above graphite-rich horizons. Micro- 
scopic examination of soil samples high in carbon, 
however, failed to reveal any recognizable graphite 
fragments indicating a grain size in the clay range. 
Presumably such small particles would have some 
mobility in a soil by a translocation mechanism sim- 
ilar to that proposed for the movement of clay par- 
ticles in a soil profile. Experimental data supports 
this idea since the boundary between background and 
anomalous soils carbon values is quite sharp, but 
the anomalous zone is slightly broader than the gra- 
phitic source rock. 

A simple spectrochemical technique for the deter- 
mination of carbon in geological materials has been 
described by Dennen,’ and may be directly applied 
to soils. A modification of this technique which em- 
ploys an arcing chamber through which nitrogen is 
passed is recommended to decrease contributions 
from atmospheric carbon dioxide. Tests indicate 
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that soils over graphitic zones may be strongly en- 
riched in carbon. 

The spectrochemical determination of carbon de- 
pends upon the formation of the cyanogen molecule 
(CN) from carbon in a sample and atmospheric ni- 
trogen, under the high temperatures associated with 
adc arc. Samples for analysis are dried, lumps 
broken, and screened. A small portion of the -100 
mesh fraction is packed into a copper electrode and 
excited as the cathode of a dc arc. The band spectra 
of cyanogen are recorded photographically and the 
density of the bandhead CN 3883A is measured. The 
limit of detection of the method is about 0.01 pct C 
and its coefficient of variation is about 15 pct. 

Soils, of course, contain carbon in other forms 
than graphite, and the amount of interference from 
such sources was examined. The C horizon of sey- 
eral soils from Massachusetts, Maine, and Pennsyl- 
vania were found to have a carbon content of 0.3 to 
0.5 pet by weight. This content is chiefly due to the 
presence of carbonates and vegetable matter in the 
sample and may be readily eliminated, or at least 
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Fig. 1—Loss of carbon as a result of heating. 
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reduced below levels of serious interference, by HCl 
digestion for carbonates and ignition for vegetable 
matter. Fig. 1 illustrates the efficiency of removal 
of vegetable matter by heating. Vegetable matter 
may be virtually eliminated from the sample and 
graphitic carbon completely retained by heating for 
1 hr in a vented muffle furnace at 500°C. 

Heat treatment of samples in many applications 
appears unnecessary because of the selectiveness of 
the spectrographic source. Cyanogen is formed and 
excited several times more efficiently from graphite 
than it is from organic substances. In consequence, 
a relatively large amount of vegetable debris must 
be incorporated in a sample before the CN intensity 
from this material is equivalent to a small amount 
of graphitic carbon. Exact figures are lacking, but 
certainly at least 5 wt of carbon in vegetable debris 
would be needed to equal 1 wt of carbon in graphite. 
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Fig. 4—Section through DDH, northwest Maine. 
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Fig. 3—Soil traverses near Sturbridge, Mass. 


The change in carbon content of untreated samples 
with depth in a soil was examined in two partial pro- 
files, one within 15 ft of a graphite zone below the 
soil and the other about 60 ft distant from this zone. 
The change in carbon content with depth for these 
two profiles is shown in Fig. 2. Certain features of 
these curves are of importance in prospecting ap- 
plications: 1) the minimum carbon content in a soil 
near a graphite source is higher than that of a soil 
not so located, 2) samples taken in the C horizon re- 
flect subsoil rather than topsoil conditions, and 3) it 
may be possible to use untreated soil samples if 
care is taken to avoid contamination from the A hori- 
zon. 

Field tests to determine whether a soil-covered 
graphite zone could be detected by the spectrochem- 
ical determination of carbon in untreated samples 
taken from the C horizon were conducted. Approxi- 
mately 100-g samples were taken along three trav- 
erse lines approximately normal to the strike of a 
known graphite zone near Sturbridge, Mass. This 
area and its graphite deposits have been thoroughly 
described by Apfel.” Sample depths varied from 0.5 
to 2.0 ft and averaged 1.3 ft. The sample traverses 
crossed the central graphite zone at a country lane 
about one mile south along strike from some aban- 
doned workings known as the ‘‘old lead mine.’’ The 
zone is about 10 ft wide at this point. According to 
Apfel, the graphite occurs as lenses within a vertical 
zone in schist. The area has been glaciated, and 
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overburden locally attains at least 50 ft in thickness. 

The results obtained from test traversing are 
shown in Fig. 3. A plot of frequency vs percentage 
of carbon for all samples taken on these three trav- 
erses is bimodal with peaks at 0.25 and 1.0 pct C. 
Using twice the background mode as a significant 
enrichment, anomalous samples are coded as 0.5 to 
0.75 pct, 0.75 to 1.0 pct, and 1.0 pct in the figure. 
The kick values on the several traverses may be 
connected to delineate zones consistent with the 
stratigraphy. 

Several of these zones were totally unanticipated 
from prior geological information and serve to illus- 
trate the applicability of this technique in locating 
graphitic zones. Wide variations in carbon back- 
ground are ascribed to variations in overburden 
thickness, vegetation, and sampling depth and to 
sampling and spectrochemical errors. The latter 
could be reduced by replication, but the strong con- 
trast between background and peak values makes 
such refinement unnecessary. 

Several test traverses were made across soil- 
covered outcrops of anthracite coal in the northern 
coal field (Scranton- Wilkes-Barre area) of Pennsyl- 
vania. Similar results to those presented in Fig. 3 
were obtained. 

Correlation of the graphitic carbon content in C 
horizon soil using acid and heat-treated samples 
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was made in northwest Maine. Samples were taken 
at 25-ft intervals along the line of an inclined dia- 
mond drill hole. A cross section of the inferred 
geology together with a plot of the carbon values in 
the soil is given in Fig. 4. A narrow graphitic zone 
in the subsurface (100 ft from DDH collar) is re- 
flected by a small increase in soil carbon. The high 
carbon values at 175 and 200 ft appear to result from 
downslope migration of graphitic materials from an 
area of graphitic slate. 

It is concluded that readily measurable quantities 
of graphite may weather into the soil over a graphi- 
tic zone in the climate regime of the northeastern 
U.S., and that determinations of the carbon content 
of soil may be used to detect and delimit graphitic 
zones. The full capabilities and limitations of the 
technique herein described have yet to be deter- 
mined, but these initial results indicate that the 
method will yield sufficient information to warrant 
its use. 
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PLANT AND SOIL PROSPECTING FOR NICKEL 


In order to determine the usefulness of geochemical and biogeochemical pros- 
pecting for nickel, ten localities representing several types of nickel occur- 
rences were selected as sites from which to collect plant and soil samples. 
This report covers the investigations in two of the areas. After a brief geo- 
logic description of the areas, the author presents details of the experimental 
tests and resulting data. Conclusions drawn from the studies led to several 


general guides for further prospecting. 


I: a Study of the usefulness of geochemical and 
biogeochemical prospecting for nickel made about 
three years ago, approximately ten localities, rep- 
resenting several different types of nickel occur- 
rences, were sampled and about 1500 samples of 


plant and soil were collected. This report will cover 


briefly the data and results for two areas, and a 
summary of guides for prospecting. 


DESCRIPTION OF AREAS SAMPLED 


One locality is the Red Flats nickel prospect in 
Curry County, Ore., about six miles southeast of 
Goldbeach, and the other is the Little Rocky Creek 
prospect in Stillwater County, southcentral Montana, 
just southeast of the Benbow chromite mine. The 
Oregon area is a lateritic-type nickel deposit 
formed on a nickel-rich serpentinite peridotite 
complex, similar to the Josephine intrusion in 
southwestern Oregon. The Montana area is a nickel 
prospect in norite, peridotite, and related rocks of 
the Stillwater igneous complex. The Stillwater com- 
plex is a series of layered basic and ultrabasic 
rocks, with a layer of norite-gabbro at the base and 
a series of peridotites and gabbros above. 

The nickel in the Oregon deposit occurs in both 
the peridotite and the overlying soil. A deep 
lateritic soil is developed locally on the peridotite 
and serpentinite and constitutes the ore. The aver- 
age nickel content of the lateritic soil is less than 
1 pct, whereas the nickel content of the weathered 
peridotite is about 1 to 1.5 pct. The nickel occurs 
as garnierite (Mg, Fe, Ni, Mn)3 (OH), (SiAl)2O; in 
the soil and in the olivine and pyroxene in the 
peridotite where it probably substitutes for Fe” or 
Mg”* in the silicate lattices. 

Nickel is found in three distinct ways in the Still- 
water rocks: 1) it is in the olivine and pyroxene 
minerals in norite, harzburgite, etc.; 2) it occurs 
as widely disseminated grains of pentlandite-pyr- 
rhotite, which tend to be concentrated in the lower 
norite band; and 3) it occurs as discrete bodies of 
pentlandite-pyrrhotite and chalcopyrite which are 
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localized in the norite zone, close to the contact 
with the underlying rocks. The nickel content of 

the norite is probably less than 1 pct, and the nickel 
content of the pods and lenses within the norite is 
about 1 pct. 


PROSPECTING APPROACH 


Although the areas are different geologically, the 
approach in prospecting them is fundamentally the 
same. The procedure is twofold: 1) a rapid recon- 
naissance survey to outline an area of high nickel 
content, and 2) a more detailed survey to outline 
zones of possible ore grade within the area of high 
nickel. 

The possible ore at Red Flats is concentrated in 
the lateritic soil, whereas at Little Rocky Creek it 
is in the sulfide pods. Both types are surrounded 
by an area of relatively high nickel content. 


CHEMICAL ANALYSIS 


Chemical analyses of nickel were made by a di- 
methylglyoxime colorimetric test, similar to the 
standard test for nickel, utilizing concentrated sul- 
furic acid for extraction. 

The lower limit of detection for nickel in soil by 
the method used was about 10 ppm and for nickel in 
plants about 5 ppm. The relative deviation was about 


25 pet. 


SOIL PROSPECTING 


General Statements: A summary of the approximate 
average parts per million of nickel in soil, as com- 
piled from the literature and from my study, is 
given in Table I. Selected references are given at 
the end of the paper. Few of the investigators re- 
ported the type of extraction or analysis, so the 
data given may not be strictly comparable to mine, 
which were made with a sulfuric acid extraction. 
Any nickel concentration greater than these 
average values might be considered anomalous, 
although each area must be studied in relation to 
the surrounding rocks. 

Method of Soil Sampling: The soil samples were 
taken in a zone from 1 in. to 1 ft below the humus 
layer, and within a 15-ft radius around a station. 
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Table I. Average Nickel Content in Soil* 


Underlying Material Nickel Content in Soil, Ppm 


Data Obtained from Literaturet 


Glacial debris 40 

Sedimentary rocks 

Fresh serpentinite 24 to 280 
Weathered serpentinite 300 to 1360 (2600?) 
Metamorphic rocks 200 


Acid igneous rocks 50 
Basic igneous rocks 50 to 3300 
Nickel deposits 2000 (4000?) 


Data Obtained from this Studyt 


Sedimentary rocks 8 
Schist 8 
Serpentinite 800 
Serpentinite 190 
Serpentinite 44 
Harzburgite 240 
Harzburgite 200 
Norite-Gabbro 64 


*Equivalent to background nickel concentrations. 

+Figures represent averages of data from literature. Selected refer- 
ences are given in the bibliography. 

tData here is compilation of data from ten localities. Localities in- 
clude different occurrences of serpentinite and basic rocks. Sedimen- 
tary rocks and schist collected in southwestern Oregon. Soil samples 
over harzburgite were collected in other areas of the Stillwater Com- 
plex not at Little Rocky Creek prospect. 


Approximately 100 g of soil were taken in each 
sample. 

Results at Red Flats: The nickel content in the soil 
over the peridotite at the Red Flats prospect is con- 
siderably greater than the background nickel content 
in the soils over other rocks in the area, and at 
some stations is as much as 500 times the average 
background content. The average concentration in 
soil over schist in the vicinity of the Oregon area is 
8 ppm nickel, about 200 ppm over serpentinite, 


Weathered N 
Peridotite 


- 


serpentine & sedimentary’. 
rocks 


La 


Fig. 1—Schematic diagram of nickel distribution in 
soil for the Red Flats nickel prospect, Curry County, 
Ore. Arrow to lateritic soil zone indicates area of 
high nickel content. The weathered peridotite area 
is one of intermediate nickel content. Arrow to area 
outside dotted lines is that of background nickel con- 
tent in soil. 
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Fig. 2—Geology and sampling grid for Little Rocky 
Creek nickel prospect, Stillwater County, Mont. 
Line with solid dots indicates sample traverse and 
station. 


and about 30 ppm over sedimentary rocks. The 
nickel content in soil over the Oregon area ranged 
from 50 to 6000 ppm, and averaged about 3000 ppm. 
The Oregon area is a potential low grade nickel 
deposit; the nickel content averages about 0.5 to 
0.75 pct, with local areas of 1.25 pct. The nickel 
soil samples excellently delineated the entire Red 
Flats area. 

Sampling over the nickel-rich peridotite area was 
done on a systematic sample station grid. Most of 
the samples from the nickel-poor background areas, 
however, were randomly selected in the vicinity of 
Red Flats, and were not collected on a grid basis. 
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Fig. 3—Nickel content in vertical soil profiles, Red 
Flats nickel prospect. 
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Table Il. Summary of Histograms from Little Rocky Creek 
Prospect, Montana. Average Metal Content in Soil over 
Basement, Norite, and Peridotite Zones 


Ppm Metal in Soil Over 


Metal Basement Rocks Norite Peridotite 
Nickel 10 150 (236)* 82 
Copper 48 440 84 
Cobalt 11 53 22. 


*Value in parentheses was calculated using several extremely high 
nickel samples. 150 ppm figure was calculated from ‘the histogram in 
Fig. 5, which does not include the high samples. 


Only two traverse lines crossed the nickel- rich 
peridotite contact, but the data from all the sampling 
illustrates a definite contrast in the nickel content 
in soil between the nickel-rich peridotite areas and 
the background nickel-poor areas. A sampling grid 
is, therefore, not given but the sampling problem is 
schematically illustrated in Fig. 1. 

The nickel content in two vertical soil profiles is 
given in Fig. 3. In general, two zones of high nickel 
content are noted, one at about 6 in., the other at 
about 18 in. Thus, a composite sample taken from 
6 to 18 in. would include the zone of strong nickel 
enrichment. Another zone, just above the unweath- 
ered serpentinite and peridotite was also high in 
nickel, but this zone is generally too deep to be 
useful in prospecting. 

A histogram of ppm (parts per million) nickel in 
soil is given in Fig. 4 and illustrates the average 
concentration of nickel at Red Flats. Background 
nickel concentrations are represented by the class 
interval, 0 to 500 ppm. Many of the samples con- 
tained 1000 to 3000 ppm, and a few had more than 
3000 ppm. Thus at Red Flats an area of high nickel 
content is indicated by more than 500 ppm nickel in 
soil, and possible ore zones by more than 3000 ppm. 
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Fig. 4—Histogram of parts per million nickel in 
soil, Red Flats nickel prospect. 
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Fig. 5—Histogram of parts per million nickel in 
soil, Little Rocky Creek nickel prospect. 


Results at Montana- Little Rocky Creek Area: The 
nickel content of the soil over the noritic rocks at 
the base of the Stillwater complex is about 150 ppm, 


Table III. Average Nickel Content in Dry Plants* 


Nickel Content of 
Underlying Material Dry Plants, Ppm 


Data Obtained from the Literaturet 


Sedimentary rocks and acid igneous rocks 6 
Serpentinite 25 to 50 
Glacial debris 6 


Data Obtained from this Studyt 


Sedimentary rocks 
Knobcone pine 
Douglas fir 
Tanoak 
Sitka spruce 
Cedar 
Grand fir 


Schist 
Knobcone pine 
Douglas fir 
Tanoak 
Cedar 
Grand fir 


NUN DU 


Serpentinite 
Douglas fir 
Grand fir 17 
Sitka spruce 


Weathered Peridotite and nickel rich 
lateritic soils 
Douglas fir 5 to 50 


Tanoak 5 to 130 
Cedar 12 to 35 


*Equivalent to average background concentration. 

tValues are averages of numerous localities given in the literature. 
Selected references are given in the bibliography. 

+All values for dry second year twigs. 
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Fig. 6—Histogram of parts per million nickel in 
Lodgepole pine, Red Flats nickel prospect. 


Table II, and is more than the nickel content of soil 
over underlying gravels, glacial debris, and granite, 
which is about 10 ppm nickel. 

In addition to delineating the nickel-rich norite 
zone from the underlying rocks, the norite zone was 
distinguished from the overlying peridotite zone by 
the higher nickel content of its soil, and further, 
possible zones of enrichment—ore zones— were 
distinguished within the norite itself. Sampling at 
the Little Rocky Creek deposit was done on a grid 
basis, and the sampling grid is illustrated in Fig. 2. 

Histograms of nickel in soil are given in Fig. 5. 
The norite zone is characterized by samples con- 
taining about 100 to 500 ppm nickel, the peridotite 
zone by samples containing about 80 ppm nickel, and 
the surrounding rocks by samples containing less 
than 10 ppm nickel. The sulfide pods are suggested 
by samples containing more than 400 ppm nickel. 
The data from the histograms are summarized in 
Table II. This ultrabasic complex of norite, 
peridotite, and related rocks contains numerous 
nickel prospects. It is a possible source for future 
nickel, although the individual nickel-bearing sulfide 
lenses are small. Soil prospecting outlined the area 
of nickel-rich rocks, and also possible zones of ore 
grade. 


PLANT PROSPECTING 


General Statements: A summary of the average 
nickel content in trees, obtained from the literature 
and from my study is given in Table III. A selected 
list of references is given at the end of the paper. 
The nickel content obtained in my study is for dry 
second-year twigs. 

Method of Sampling: Samples of first, second, and 
third-year growth twigs were collected from four 
to five individuals of each species, within a 15 to 
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Fig. 7—Histogram of parts per million nickel in 
Douglas Fir, Red Flats nickel prospect. 


25-ft radius about the station. Trees of about the 
same height were sampled, and samples were taker 
at eye level around the tree. Enough samples were 
taken to fill a paper bag measuring 36X11 in. 

All the conifers and a few deciduous trees were 
sampled, although only Pinus contorta (Lodgepole 
pine), Pinus attenuata (Knobcone pine), and Pseudo- 
tsuga taxifolia (Douglas Fir) were present at both 
localities. 


Results at Red Flats: The range of nickel content 

in Douglas Fir at Red Flats is from less than 5 ppm 
to about 50 ppm, with a background of about 5 ppm. 

Comparable data were obtained for Lodgepole pine. 


Table IV. Sulfuric-Acid-Soluble and Acetate- Buffer-Soluble 
Nickel in Soil at Little Rocky Creek and Red Flats Localities 


Ppm Nickel Obtained 
from Sulfuric Acid 


Ppm Nickel Obtained 


from Acetate-Buffer- 


Item Extraction Extraction 
1 8 5 
2 8 5 
3 8 5 
4 8 S 
5 8 5 
6 8 5 
7 12 5 
8 32 5 
9 40 5 

10 240 3) 

11 320 S 

12 400 

480 5 

14 500 5 

15* 800 5 

16* 1200 160 

17* 1500 48 

18* 2000 150 

19* 2500 200 

20* 4000 200 


*Samples collected at Red Flats; all others collected at Little 
Rocky Creek. 


In general, the Lodgepole pine gave the best results 
for prospecting. The other species gave less defi- 
nite results with more scatter. Histograms of parts 
per million nickel in Lodgepole pine are given in 
Fig. 6 and in Douglas Fir in Fig.7. This species 
was less successful than the other two species in 
delineating the nickel-rich areas at the Oregon 
locality. 

The Lodgepole pine was successful not only in 
delineating the general high nickel area but also in 
suggesting nickel-rich lateritic areas. Other 
species were able, in general, only to delineate the 
general area of high nickel content. 

Results at Little Rocky Creek: At Little Rocky 
Creek the nickel content of the plants does not re- 
flect variations in the nickel content of underlying 
soils and rocks. Although the nickel content in soil 
is high over the norite zone, the nickel content in 


plants does not vary by more than 5 ppm in the range 


5 to 10 ppm, all well within background concentra- 

tions. In fact, out of the ten localities studied, only 
plants at Red Flats contained more than background 
concentrations of nickel. 


DISCUSSION OF RESULTS 


The nickel that can be absorbed by plants is the 
nickel readily available and readily soluble in the 
soil. Although much more nickel is present in the 
soil at Red Flats than at Little Rocky Creek, the 
latter soil has sufficient nickel that could be avail- 
able to plants. 


A method of estimating the amount of nickel in soil 


that is available to plants was considered. One such 
method might be to use a weak chemical extraction 
that would give a nickel content comparable to the 
soluble nickel available to plants. A preliminary 
study was made using an acetate buffer extraction. 
A comparison between the nickel content in soil ob- 
tained from an acetate buffer extraction and a sul- 
furic acid extraction is given in Table IV. All the 
samples which contain more than 5 ppm nickel by 
an acetate buffer extraction were collected at Red 
Flats, although the samples from Montana contain a 
high nickel content by the sulfuric acid method. 
These data are not conclusive but suggest that plant 
sampling for nickel might be feasible when the 
nickel content in soil determined by the acetate buf- 
fer method is more than 200 ppm. Certainly more 
work is needed on this problem, as the acetate buf- 


fer method is only one of many possible extractions. 


CONCLUSIONS 


The average nickel content in plants and soil, both 
from the literature and from my study, were re- 
viewed and the results of sampling at two nickel 
localities were briefly outlined. Prospecting by 
soil sampling was effective at both of these areas, 
whereas plant sampling was useful only at the 
Oregon locality. 

The following conclusions are suggested as guides 
for prospecting. Further work in other areas, and 
in areas of different weathering conditions might 
necessitate modification of these general conclu- 


sions. 


1) The degree and type of weathering is a deter- 
mining factor in the applicability of plant prospect- 
ing. Sufficient available nickel must be present in 
the soil for plant absorption before plant sampling 
will be effective for nickel prospecting. An esti- 
mate of the available nickel might be made by an 
acetate buffer extraction method. Preliminary work 
suggests that where the nickel content in soil by 
this method is about 200 ppm or more, sufficient 
nickel is available for plant absorption. Further 
work is required on this problem. 

2) In prospecting at the Red Flats area, both soil 
and plants were useful agents. Of the species 
studied, Lodgepole pine was the best plant for 
prospecting. The best sampling horizon for soil 
is within the A; soil zone. 

3) In prospecting the Little Rocky Creek nickel- 
sulfide norite rocks, soil prospecting was the 
only useful agent. Plant sampling did not give 
satisfactory results. 

4) In lateritic-type deposits, where the nickel 
content in soil is more than 3000 ppm, and in plants 
more than 20 ppm, potential ore zones are suggested 
by a sulfuric acid extraction method. 


5) In ultrabasic deposits where the nickel content 
in soil is more than 400 ppm, nickel-rich areas are 
indicated. Where the nickel content is more than 
1000 ppm, potential ore zones in underlying rock 
are suggested. 
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BASIC CONSIDERATIONS FOR LONG-DISTANCE SOLIDS 
PIPELINES IN THE MINERAL INDUSTRIES 


The author discusses the promising future of the use of pipelines for trans- 
portation of ore slurries over long distances, citing existing installations. 
Various criteria and factors affecting the use and size of pipelines are con- 
sidered. Among the factors influencing the use of pipelines are particle size, 
specific gravity, abrasiveness, minimum velocities, and pumping consider- 


ations, 


transportation of solids by hydraulic 
pipelines holds the promise of great economic 
benefits. Today within the confines of most mineral 
processing plants, the moving of solids about in 
slurry form by pipeline is commonplace, since the 
method offers great advantages when conditions are 
suitable. Yet, this method is surprisingly slow in 
being adopted on a broad scale for transportation 
of solids over long distances (arbitrarily the term 
will be applied to one over five miles long). This is 
especially surprising in view of the successful 
realization in this country within the last five 
years of two daring ventures in long-distance solids 
pipelines. A 72-mile long, 6-in. diam pipeline of 
the American Gilsonite Co. has been satisfactorily 
transporting 700 tpd of gilsonite from the mine at 
Bonanza, Utah, to the processing plant at Grand 
Junction, Colo., since April 1957. The 108-mile 
long 10-in. diam pipeline of the Pittsburgh Con- 
solidation Coal Co. has been transporting about 
4000 tpd of finely crushed coal from the mine at 
Cadiz, Ohio, to the Eastlake power plant of the 
Cleveland Electric Illuminating Co. on Lake Erie 
since January 1958. 

However, besides two projects in the operations 
of The Anaconda Co. there have been hardly any 
other significant solids pipeline developments in the 
minerals industry during the last three years. The 
two projects are the 14-mile long, 6-in. diam copper 
concentrate gravity pipeline at Anaconda’s El 
Salvador project in Chile which has been trans- 
porting about 800 tpd since January 1959. The 
second is a 16-in. diam tailings pipeline at the 
Anaconda Reduction Works, Anaconda, Mont., 
designed to transport about 20,000 tpd of deslimed 
flotation tailings for dam building. This pipeline, 
which is currently undergoing tryout tests and which 
will be about seven miles in length, will have a 
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maximum of three 20-in. rubber-lined centrifugal 
pumps in series at the starting point, each develop- 
ing a maximum of 100 ft of head, to supplement 
gravity. 

It is the writer’s opinion that the major reason 
for the hesitation in considering pipeline operations 
is confusion due to an inadequate understanding of 
the basic physical principles affecting the slurry 
flow process by many engineers in the industry. 
This in turn begets an attitude of fear and trepida- 
tion instead of confidence on the part of many 
management executives, which leads to a minimiz- 
ing of the advantages and exaggeration of difficulties 
when considering the possibility of a long-distance 
solids pipeline. 

The promotion of better understanding and con- 
sequently the promotion of greater confidence in the 
potentials of long-distance solids pipelines when 
conditions are suitable is thus the main purpose of 
this article. To this end, after considering several 
examples of the possibilities for solids pipelines in 
the minerals field, the relative significance of the 
major factors affecting pulp flow, and some major 
aspects of slurry pumping will be discussed on a 
general qualitative level. Then a brief outline of 
the semi-empirical quantitative methods developed 
to date for estimating slurry flow behavior will be 
presented. 


SOME POSSIBILITIES 


To give an idea of the magnitude of the possible 
economic benefits, it should be interesting to men- 
tion briefly some of the projects currently under 
consideration and to suggest some likely future pos- 
sibilities. 

At Anaconda’s El Salvador Project in Chile (Fig. 
1) it is eventually planned to extend the existing 14- 
mile pipeline by another 60 miles to bring the copper 
concentrates down to the coast of the Pacific Ocean. 
Preliminary tests indicate that the projected 6-in. 
pipeline will be able to transport approximately 
2000 tpd of concentrates at a pulp density of 40 to 
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Fig, 1—Pipeline descends the mountain at Llanta to 
deliver concentrate slurry to dewatering tanks shown 
behind burnt-lime storage bin in the foreground. 


60 pct solids entirely by gravity. The investment 
required for the pipeline and the operating costs are 
calculated to be only a small fraction of what would 
be required for any other transportation method that 
could be devised. 

At another contemplated copper development 
project in South America, it is also planned to 
transport a maximum of more than 1000 tpd of con- 
centrates for approximately 35 miles by a 4-in. 
gravity pipeline, which will cost approximately 
$1,000,000 to install. The operating costs on the 
line will consist of only what maintenance may be 
required on the line and, since the line velocity will 
be low, the pipe is expected to last indefinitely and 
maintenance should be negligible. 

On the same project it is also planned to transport 
approximately 10,000 tpd of flotation feed from mill- 
ing facilities installed near the orebody (located at a 
high elevation in a narrow mountain gorge) to a flo- 
tation plant located in a borad valley approximately 
2000 ft lower in elevation by using a 14-in. pipeline 
approximately seven miles long. The line will snake 
down the bottom of the valley along the surface but 
will be protected from deep snows and avalanches by 
an enclosing culvert. The cost of this installation 
has been estimated at approximately 1/3 that of the 
alternative—a belt conveyor inside a tunnel to carry 
the crushed ore to milling facilities at the lower 
elevation. 

This problem of having an orebody at a high ele- 
vation in rugged terrain, unsuitable for the location 
of most of the beneficiation plant, is one that re- 
peatedly comes up. On another potential copper de- 
velopment project in an extremely rugged moun- 
tainous location, for which a brief study was re- 
cently made, the same problem is faced. It was 
initially proposed to transport the coarsely crushed 
ore to the concentrator at a lower elevation via a 
long aerial tramway. However, the tramway would 
cost some $4,000,000 to install and the operating 
cost was estimated at well over $1.00 per ton. Here 
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again, it was shown that a gravity pipeline to trans- 
port the ore to the flotation plant, after reduction in 
size to the grind necessary for flotation, could re- 
duce the transportation costs to less the 5 pct of the 
costs with the tramway. The cost of the pipeline 
installation, together with the extra cost for instal- 
ling the grinding equipment at the high elevation, 
was shown to be less than half of the cost of the 
tramway. On this project, it is also planned to 
transport the concentrates by a pipeline approxi- 
mately 40 miles long to a filtration plant and ship- 
ping facilities on the coast. 

Another field in the metallurgical industries 
where long-distance solids pipelines are slated to 
play an important role is in the beneficiation of 
low-grade iron ores. With finely disseminated 
magnetite ores, such as taconite, the material has 
to be reduced to a very fine pulp for efficient 
liberation of the magnetite. Grinds in the order of 
85 pct -325 mesh are typical in the final concen- 
trates and this fine though dense material is very 
well suited to hydraulic transportation. A recent 
study for a potential plant located some 130 miles 
inland from a water shipping point showed that a 
solids pipeline to transport about 4,000,000 tons per 
year of a concentrate as a slurry at about 45 to 60 
pct solids would be by far the most economical 
method. In this case, the run would be over gen- 
erally flat terrain and, hence, pumping would be re- 
quired. However, using about four high pressure 
pumping stations employing positive displacement 
pumps, and a 12-in. pipeline buried below the frost- 
line, it was estimated that the entire installation 
would cost no more than about $12,000,000. This 
compares with a cost of about three times that 
much for an alternative railroad with rolling stock 
to transport the same tonnage of material after 
pelletizing it at the concentration plant near the 
mine. Operating costs with the pipeline, due essen- 
tially to the power, operators’ wages, and mainte- 
nance required at the pumping stations, were esti- 
mated to be a similarly small proportion of the 
operating costs with railroad transportation. 


POSSIBILITIES IN THE INDUSTRIAL 
MINERALS FIELD 


Besides the metallurgical field, the industrial 
minerals industries, such as the portland cement 
and phosphate fertilizer industries, should provide 
good possibilites for the use of long-distance solids 
vipelines. In the manufacture of portland cement by 
the wet process, more than 50 million tons a year of 
limestone, clay, and silicious raw materials in the 
U.S. alone, have to be reduced to fine wet slurries 
having grinds in the range of 75 to 90 pct —200 
mesh as part of the process. Thus again, there 
results a material well suited to transportation by 
long-distance pipelines. Hence, occasions must 
undoubtedly abound where a suitable raw material 
supply is located a long way from the most suitable 
location for the processing plant and product ship- 
ping point. By locating the crushing and grinding 
equipment at the raw material source and transport- 
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ing the resultant slurry by pipeline to the most suit- 


able processing plant site, large economies should 
be possible. 


FUTURE DEVELOPMENTS IN COAL 


Probably some of the most important future de- 
velopments in long-distance solids pipelines will 
take place in the field of coal transportation. The 
successful operation of the 108-mile pipeline of the 
Pittsburgh Consolidation Coal Co. has already been 
mentioned. A coal pipeline approximately 38 miles 
long is also in operation at the Novovolynskaya 
mines in Russia.’ But in both of these cases, a much 
smaller particle size material than would otherwise 
be desirable has to be transported, and the very fine 
size of the material that makes the flow process 
economical results in costly dewatering and drying 
operations at the receiving point before the material 
can be used. However, according to a recent re- 
port,’ a large capacity 24-in. 350-mile pipeline is 
currently planned by the Pittsburgh Consolidation 
Coal Co. to bring coal from the mine fields of West 
Virginia to the New York metropolitan area, with 
which the dewatering and drying operations would 
be completely eliminated. The reported plans are 
to grind the coal to a very fine state such that a 
stable suspension with water will be obtained. The 
material would then behave essentially as a fluid 
even when stationary. It would require a minimum 
of pipeline pumping power, and all possible diffi- 
culties due to settling in the pipeline would be 
avoided. It would then be fired into the boilers as a 
water suspension through newly devised burners. 


CONSIDERATION OF MAJOR 
TECHNICAL FACTORS 


General: Before the practicability of any contem- 
plated project can be determined, an estimate will 
have to be made of the size of pipe, the amount of 
pumping power to be provided, the approximate cost 
of the pipeline installation and of the expected oper- 
ating and maintenance cost. In doing so, it will 
usually be found that the most important single con- 
sideration is that of establishing the minimum 
operating average flow velocity in the line to insure 
a stable flow condition. This is usually set ata 
point only slightly above the minimum necessary to 
prevent the formation of a stationary deposit at the 
bottom of the pipe, sometimes spoken of as the 
critical velocity for the slurry, or preferably as 
the minimum carrying velocity. 

Stability of flow in a slurry pipeline is not in 
general limited to flow without stationary bottom 
deposit. Data given by Wilson’ on tests performed 
with the Climax Molybdenum tailings disposal pipe- 
line, and also by Fraser’ on test work with tailings 
and concentrates pipelines at the Sudbury plant of 
the International Nickel Co. of Canada, show that 
stable operation with part of pipe cross section ob- 
structed by a stationary deposit is possible. What 
is necessary is that there be provision in the design 
for automatically increasing the head gradient as the 


flow rate and open pipe flow area are reduced. This 
mode of operation, where permissible, provides 
great flexibility in the amount of material that can 
be handled by a given pipe size. However, experi- 
ence with this type of slurry flow in pipelines is 
limited at present to a few relatively fine slurries 
on relatively short runs. Therefore, unless ade- 
quate experimental data are available to justify such 
a procedure, it is usually advisable to plan in terms 
of limiting the minimum operating velocity ata 
point slightly above that at which a stationary de- 
posit begins to form. 

One of the main objectives in establishing the 
operating velocity is to determine the friction head 
gradient to be provided for. This will, of course, be 
influenced by other factors besides the operating 
velocity as different slurries will require con- 
siderably different head gradients to sustain the 
same velocity in the same pipe at the same solids 
concentration. The influence of these other factors 
on friction head loss will be considered later on, 
when a more detailed consideration of this matter 
will be presented. However, for the present, atten- 
tion will be focussed on this factor alone, since the 
operating velocity has the most important influence 
on friction head loss as well as on the other major 
considerations. 

Once the minimum operating velocity is estab- 
lished, the size of the line is also established, with 
the higher the velocity the smaller the line. How- 
ever, it is generally desired to keep the velocity as 
low as possible for two major reasons: 

1) The pumping head to be provided in situations 
where sufficient gravity head is not available in- 
creases approximately as the square of the velocity. 
Thus, the number of pumping stations to be pro- 
vided on a long line, and the major operating costs 
of pumping power and pump maintenance, also in- 
crease at the same rate. 

2) The abrasion rate of the pipe interior has been 
found to increase approximately as the cube of the 
velocity. Hence maintenance due to pipe wear, es- 
specially at bends, and the very life of the line 
itself are greatly affected by the operating velocity. 

Thus, the major matters of investment and oper- 
ating costs for a solid pipeline project are greatly 
dependent on this factor of the minimum carrying 
velocity for the slurry involved. Other considera- 
tions, such as the corrosive effect of the slurry on 
the pipe and the attrition of the particles being 
transported, can also be very important in some 
cases, such as in coal transportation. But in the 
majority of the likely applications in the minerals 
industries these are believed to be of secondary 
importance. 

This factor of minimum velocity is in turn de- 
pendent on several properties of the slurry and on 
the pipe size. The slurry properties of prime sig- 
nificance are those of the average size of solid 
particles, or the grind of the solids, the relative 
density difference between solids and fluid, the 
effective viscosity of the fluid and the concentration 
of the solids in the slurry. All of these factors can 
be of prime importance in some cases, but generally 
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Table |. Maximum Settling Velocities for 
Various Solid Particles in Water 


Material and Specific Gravity 


Material and Specific Gravity Coal, Silica, Magnetite, 
1.5, Fps 2.65, Fps 5.0, Fps 

Particle size, 0.125-in. 0.83 1.5 DA} 

200 mesh size, 0.0029-in. 0.0047 0.0154 0.033 


speaking in most minerals processing situations, 
the factor of predominant importance is that of 
particle size. The smaller the particle or the finer 
the grind, the lower will be the necessary carrying 
velocity, the pumping power, and the abrasion rate. 
Hence, although it is technically feasible to trans- 
port hydraulically solid materials in practically any 
particle size range, for long distances the key to 
economy and practicability is believed to be that of 
fine particle size. 

Relative Influence of Particle Size and Solid Specific 
Gravity: The predominant importance of particle 
size can be understood if it is realized that the 
smaller the particles below a certain important 
size limit, the smaller the necessary flow velocity 
to keep them either in complete suspension, or 
skipping and sliding along the bottom of the pipe, 
such that in neither case is a permanent bottom de- 
posit formed. The forces by which solid particles 
heavier than the fluid are kept in turmoil against 
their natural tendency to settle are provided by the 
upward velocity components in the fluid streamlines 
due to the eddies that are present whenever the flow 
is turbulent. The greater the particle size, the 
greater is its settling tendency as measured by its 
terminal settling velocity in the fluid, and hence the 
greater must be the lifting forces by the turbulent 
eddies. 

The free settling velocity of the average size 
particles (below a certain size limit as will be ex- 
plained subsequently) is thus a good index of the 
minimum pipeline velocity necessary for safe 
transport. And, although this settling velocity is a 
function of the relative density difference between 
solid and fluid, the fluid viscosity and the particle 
sphericity as well as the particle size, in most 
situations with minerals, the effect of particle size 
is predominant. 

The relative influence of particle size variation 
from 200 mesh (0.0029-in.) to 1/8-in., and of solid 
specific gravity variation from 1.5 to 5.0 on free 
settling velocities of spherical particles in water at 
68°F, is shown in Table I, which has been calculated 
using equations given by Brown.° 

From Table I it can be seen that, although the 
specific gravity of the solids relative to that of the 
fluid can be significant, the variability of its effect, 
with most minerals in water, seldom has a range of 
more than about 5 to 1. However, a particle size 
variation from 1/8-in. to 200 mesh, which is quite a 
commonplace in minerals processing, has a range 
of about 100 to 1 in its effect on settling velocity. 
Effect of Viscosity of Fluid and Concentration: The 
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viscosity of the fluid can also be of great importance 
with the finer slurries, especially when a large 
proportion of —325 mesh particles are present in 
high concentration, for then the viscosity to be con- 
tended with is the apparent viscosity of the homog- 
eneous suspension formed with these particles. 

This can have a great effect in reducing the settling 
velocity of the larger particles, especially if the 
suspension attains plastic properties. But this 

effect is largely a consequence of the presence of 
fine particles rather than the viscosity of the water. 
However, even when a large proportion of fine parti- 
cles is present to form a more viscous medium, if 
there is also present a significant proportion of +16 
mesh or larger particles whose settling velocity is 
only slightly affected by the viscosity of the medium, 
this factor of viscosity has a secondary influence on 
the minimum carrying velocity. 

Solids concentration, according to general opinion 
as reported recently by the Hydraulic Inst. U.S. Ae 
is supposed to have an important effect in increasing 
minimum velocity as concentration increases. How- 
ever, most experimental data show that the mini- 
mum velocity is generally increased by only a 
moderate proportion, with the coarser slurries, 
as the concentration is increased from 5 to 45 pct 
solids by weight. Then with the finer slurries, such 
as copper concentrates, the minimum velocity has 
actually been found to decrease by a significant 
proportion as the density is increased from 30 to 
60 pct solids. A similar effect has been observed 
with copper flotation tailings. These effects are 
undoubtedly due to the decreased settling rates of 
the coarser particles resulting from the higher ef- 
fective viscosity of the fluid medium, because of the 
presence of the finer particles in high concentration. 
Thus the effect of concentration on minimum velocity 
depends largely on the range of particle sizes in the 
slurry. Of course, as the concentration increases 
much above 25 pct solids by volume (about 45 pct 
solids by weight for 2.6 specific gravity material), 
the internal friction between particles tends to in- 
crease the head gradient to sustain flow by in- 
creasing amounts, which become more significant 
than that due to velocity. But below the above point, 
the effect of concentration on head loss, due to its 
effect on the minimum velocity, is of secondary im- 
portance. 

Particle Size and Abrasiveness: One other important 
effect of particle size, aside from minimum velocity 
considerations, is that as particles in a slurry be- 
come very small, their abrasiveness is greatly re- 
duced. Thus, regardless of the hardness of the solid 
when reduced to a fine size, wear on the pipeline 
becomes a minor consideration except at points of 
sharp changes in direction. This results not only 
because of the lower minimum velocities permis- 
sible but also because, when immersed in a fluid 
having a viscosity in the order of that of water, 
small particles are less effective in abrading the 
pipe wall. No theoretical explanation for this be- 
havior has yet been developed to the writer’s 
knowledge. 

A suggested partial explanation for this effect 
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might be that, as particle size decreases to the 
order of the thickness of the subboundary layer of 
fluid that persists along the pipe wall and around 
the particles themselves at any velocity, the edges 
of the particles find it increasingly more difficult 
to make contact with the pipe wall and with each 
other. The detailed reasoning might be along similar 
lines to that developed by Gaudin’* to explain the de- 
creased probability of particle-bubble encounter in 
flotation as particles get smaller. In any case, it is 
a matter of general experience that with small par- 
ticles both the problems of pipe abrasion and par- 
ticle attrition are greatly minimized. 

Effect of Pipe Size on Minimum Velocity: Aside 
from the properties of the slurry; the pipe size has 
been shown to have an important effect on the nec- 
essary minimum carrying velocity. According to 
R. Durand and co-workers of the Laboratoire 
Dauphinois d@’Hydraulique (SOGREAH) at Grenoble, 
France,’ who have done the most extensive research 
work to date in this field, the necessary minimum 
velocity to maintain flow without stationary deposit 
in horizontal pipes, varies directly as the square 
root of the pipe size. Thus, if the pipe size is in- 
creased from 4 to 16 in., the necessary minimum 
velocity should be doubled. No theoretical explana- 
tion has been advanced for this effect, but it is 
based on the results of a multitude of tests on dif- 
ferent materials with a wide range of pipe sizes. It 
has also been confirmed by tests on at least two 
occasions in the writer’s experience. It will also be 
shown subsequently that, as a consequence of the 
foregoing effect, the friction head gradient required 
to sustain flow without deposit remains approxi- 
mately constant as the pipe size increases, and this 
will be shown to appear to have a logical basis. 

The foregoing square root rule supplies the basis 
for projecting the results of tests with a small pipe 
to the design of a larger size. This is an important 
point and it should aid in the consideration of solids 
pipelines in many situations, since by running tests 
with small pipes, the cost of pilot testing can be 
greatly minimized. 

Pumps and Pumping Considerations: After the mini- 
mum velocity, pipe size, and head losses have been 
established, the type of pumps and the number of 
pumping stations to be provided are the major con- 
siderations, unless the situation is favored with an 
abundance of gravity head. For relatively short 
distances and low heads, rubber-lined centrifugal 
pumps have been found to be the most practical with 
fine slurries. With coarse slurries, such as in the 
phosphate mining and in dredging, centrifugal pumps 
with abrasive-resistant metal interiors are gen- 
erally used. However, these pumps have a head 
limitation of about 100 ft for the rubber-lined pumps 
and about 150 ft for the all-metal pumps. Centrifugal 
pumps also develop a smaller head with the coarser 
slurries than with water at the same speed, because 
of the different trajectories of the solid particles, 
as pointed out by Fairbanks.** 

Therefore, for long pipelines, it is doubted that 
the use of centrifugal pumps is practical with most 
slurries, since the number of pumps in series would 


become too many, adding greatly to the operating 
cost and decreasing the reliability of the installa- 
tion. Centrifugal pumps in series also require a 
significant amount of gland sealing water, a portion 
of which leaks into’the pump, diluting the slurry. 
This dilution can become very important when a 
large number of pumps is involved. Therefore, on 
long pipelines reciprocating positive displacement 
pumps developing high pressures have been found to 
be the most practical. These are the pumps in use 
on the Pittsburgh Consolidation Coal Co. and on the 
Gilsonite pipelines. On the coal pipeline, there are 
three pumping stations approximately 35 miles 
apart, and at each station two pumps are operating 
in parallel and a third is a standby. On the 72-mile 
gilsonite pipeline, only one pumping station is used 
at the starting point, and the pressure capacity of 
the two pumps provided is as high as 3000 psi. 

The wear on the cylinders and valves of these 
pumps is high and they do require frequent main- 
tenance, but it is doubted that the maintenance is 
more than for the multitude of centrifugal pumps 
that would otherwise be required to develop the 
same head. The size of particles that these pumps 
can handle at present is limited to a maximum of 
about 8 mesh, and the smaller the better to maintain 
good volumetric efficiency and minimize wear. This 
is another reason why smallness of particle size is 
of major importance on long-distance lines. Posi- 
tive displacement pumps also provide the advantage 
of having a very steep head-capacity characteristic, 
since the pressure rises almost vertically as the 
discharge is throttled. The importance of a steep 
pump characteristic in maintaining stable flow, 
especially when operating near the minimum per- 
missible velocity, has been pointed out by Durand 
and others. However, most solids handling centrif- 
ugal pumps have very flat head-capacity character- 
istics. The major disadvantage in considering posi- 
tive displacement pumps for handling slurries at 
present is that data on what wear and maintenance 
rate is likely to be experienced in practice are 
limited to only a few materials. 

Some important other considerations with multiple 
pumping stations on long pipelines are those of pres- 
sure transients, or water hammer, and of the syn- 
chronization and control on starting and stopping of 
closed systems, where the pumps are connected 
directly to the line. This can be appreciated if it is 
realized that, when a pump is started at one station 
with a full pipeline, it will take about a minute for 
the pressure wave to travel down the line and ini- 
tiate flow at another point 30 miles away. In the 
interim, the slurry forced into the line at the first 
station has to be absorbed by the elastic compres- 
sion of the fluid and expansion of the pipe. This 
problem is, of course, the same as that faced in 
long-distance water and oil pipelines with multiple 
pumping stations; but when solids are present, the 
problem becomes more intricate. However, these 
problems have been solved satisfactorily on the 
Pittsburgh- Consolidation Coal Co. pipeline through 
the use of pressurized surge chambers on both 
suction and discharge sides of the pumps and vari- 
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Fig. 2—Variation of parameter F, as a function of 
grain diameter. (From SOGREAH.,) The Cr labeling 
on the curves is concentrations in percentage by 
volume. 


able speed drives on the pumps, probably controlled 
by the pressures in these chambers. 


SOME QUANTITATIVE AND 
THEORETICAL CONSIDERATIONS 


Classification of Slurry Flow Based on Particle 
Size: Before presenting some semi-empirical equa- 
tions developed to date for estimating the minimum 
velocity and the friction head gradient to sustain any 
velocity with any slurry in any pipe size, something 
should be said concerning the behavior observed 
with different-sized particles in flow through pipe- 
lines. Durand and co-workers,’ on the basis of ex- 
tensive tests, have developed a classification of 
this behavior on the basis of particle size, or more 
correctly on the basis of the drag coefficients of the 
particles in their free fall through the fluid. The 
smaller the particles, the larger is their drag co- 
efficient and the smaller their settling velocity, so 
that the easier it becomes to keep them is sus- 
pension. 

Their classification subdivisions are as follows: 
1) particles up to about 25 to 30u in size, for which 
the drag coefficients are high and hence are carried 
as a homogeneous suspension with water, such that 
the suspension can be considered as a fluid with its 
own apparent density and viscosity; 2) particles 
from about 25 to 50u comprising a transition region, 
in which the suspension formed in flow is of de- 
creasing homogeneity; 3) particles from about 50 to 
150, which are carried as a heterogeneous sus- 
pension, such that the solids concentration is a 
maximum at the bottom of the pipe and decreases 
to practically zero at the top—the upper size limit 
for this category is the same as the upper limit of 
laminar settling of the particles in water; 4) par- 
ticles from about 150u to 2 mm, which comprise a 
transition region in which the particles tend to in- 
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creasingly move by leaps and bounds at the bottom 
of the pipe, or by saltation; and 5) particles larger 
than about 2 mm (approximately 8 mesh) which move 
entirely by leaping and sliding along the bottom of 
the pipe. This 2 mm transition size corresponds to 
the point beyond which the particles settle in tur- 
bulent fashion in water, and the drag coefficient 
attains its minimum and constant value, such that 
no increase in pipeline flow velocity is necessary as 
the particle size increases further. 

The drag coefficient for spherical particles in 
any fluid is given by the following expression for any 
consistent set of dimensional units: 


ca=4 ~ 


d 
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where Cd is the drag coefficient, a dimensionless 
number; Pg is density of solid; p; is density of 
fluid; g is acceleration of gravity; d is particle di- 
ameter; and Vm is terminal settling velocity of the 
particle in fluid. 

Thus, the drag coefficient varies inversely as the 
square of the settling velocity and is greatly influ- 
enced by this factor. For spherical particles 
smaller than 200u (approximately 65 mesh) which 
settle in laminar fashion in water, the settling 
velocity is given by Stokes’ law according to the 
following expression: 


(pg - py) gd” 
18u 


where UL is the viscosity of fluid. 

For particles larger than about 2 mm, which 
settle in turbulent fashion in water, by the approxi- 
mate expression: 


which is independent of the fluid viscosity. 

Eqs. 2 and 3 were used to calculate the settling 
velocities for different-sized particles of different 
specific gravities previously shown in Table I. 
Minimum Velocity and Friction Head Losses for 
Graded Slurries: Consideration will first be given 
to the behavior of graded slurries of approximately 
uniform particle sizes, for which the most extensive 
experimental data are available. From this, it will 
then be shown how the approximate behavior of mix- 
tures, with which the usual situation is concerned, 
may be estimated. 

Minimum Velocities—For slurries of uniform 
particle size in horizontal pipes, Durand has de- 
veloped the following empirical expression for the 
minimum velocity for flow without stationary de- 
posit at the bottom of the pipe: 


Vm = 


[2] 
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where D is the diameter of the pipe, Ps is density 

of solid, 97 is density of fluid, F is a dimensionless 
parameter which varies with particle size and con- 
centration. 


= 


Curves showing the variation of F with particle 
size and concentration (percentage by volume) as 
worked up by Durand from experimental data with 
a variety of slurries are shown in Fig. 2. From 
these the important point is apparent that, for 
particles larger than about 2 mm, this parameter 
varies hardly at all as particle size increases 
further. The apparent implication of this is that, 
after particles get larger than the size beyond 
which they settle in the fluid in an entirely turbulent 
manner, their tendency to settle and their tendency 
to be suspended by the fluid eddies at any velocity, 
increase at the same rate as particle size increases 
further. 

The increase of the minimum velocity for any 
slurry directly as the square root of the pipe diam- 
eter, as mentioned earlier, follows from the above 
expression. The minimum velocity also varies in the 
same fashion with the ratio: 


PL 


or the relative specific gravity difference between 
solid and fluid. 

It was stated earlier that the variation of the 
minimum velocity with pipe diameter appears to 
have an approximately logical basis. This can be 
seen to follow from the following considerations. 
Since the velocity increases as the square root of 
the pipe diameter 


[5] 


and, if it is assumed that the Weisbach- Darcy equa- 
tion for friction head gradient in fluids applies to 
slurries when there is no stationary deposit 
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H 
f 22D 
where H/L is the friction head gradient in feet of 
slurry per foot of pipe, and f is the friction factor 
which depends on the Reynolds number for the 
slurry and the character of the pipe surface. 
Substituting V from Eq. 5 into 6 
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=f = [7] 
Then if the f factor remains approximately constant 
for highly turbulent slurries, as is approximately 


the case with Newtonian fluids 


a = Constant for flow without deposit. [8] 
Thus the friction head gradient or the energy loss 
per unit volume of the slurry should remain approx- 
imately constant as the pipe size is increased. How- 
ever, friction energy loss in highly turbulent flaw is 
almost entirely due to the eddies in the fluid; ” 
hence, the friction head gradient is largely a mea- 
sure of the intensity of these eddies per unit vol- 
ume. Since to maintain the same degree of sus- 
pension in any slurry it would be reasonable to 
expect the eddy intensity to remain the same re- 
gardless of the pipe size, then the friction head 


gradient should remain approximately the same as 
the pipe diameter is increased, and the average 
slurry velocity should therefore increase approx- 
imately as VD. 

A possible deduction from the foregoing reasoning 
would be that, as the pipe roughness increases and 
higher energy losses are required to sustain the 
same velocity in a given pipe size, the minimum 
velocity required with a slurry should decrease. It 
would be interesting if this effect could be confirmed 
by experiment. In most situations, however, pipe 
roughness is not a major consideration, since the 
abrasive effect of slurry flow tends to smooth out 
any initial roughness in commercial steel pipe. 

Friction Head Losses—For the determination of 
friction head losses at any velocity above the mini- 
mum, for graded slurries in horizontal pipes, Dur- 
and recommends the following procedure depending 
on particle size: 

1) For particle sizes up to 50u which give sus- 
pension behaving essentially as homogeneous fluids, 
the head loss gradient can be calculated the same 
as for any Newtonian fluid by the equation 

We 
22D 


J=f [9] 
where J is the head gradient in feet of suspension 
per foot of pipe, and / is the friction factor which is 
a function of the Reynolds number for the suspension 
considered as a fluid, and the pipe roughness. To 
calculate the Reynolds number, the apparent vis- 
cosity and density of the suspension would be used. 
The assumption by Durand of Newtonian behavior 
for slurries of fine particle sizes should be noted. 
While this may be true for low concentrations and 
particle sizes in the upper end of the 50u range, it 
is not usually true for high concentrations and the 
finer particle size range as pointed out by recent 
investigations.” 

2) For particles of about 50 to 150u that are car- 
ried entirely by heterogeneous suspension, Durand 
reports that hardly any significant amount of extra 
energy is required above that necessary for the 
flow of water alone. Hence, he recommends that 
the influence of these particles be disregarded. 
This phenomenon is difficult to understand and 
probably the recommendation is subject to some 
qualification. However, there have been many cases 
reported with fine slurries where the head losses 
observed in feet of suspension per foot of pipe were 
less than that calculated for smooth pipes by con- 
sidering the suspension as a true fluid. This would 
tend to support the contention of Durand on this 
point. 

3) For particles greater than about 150, the fol- 
lowing semi-empirical expression has been de- 
veloped based on a great number of tests with a 
variety of materials 


[10] 
where J is the head gradient in feet of water per 
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Fig. 3—Head losses in pipes with nondeposit flow regimes. General function for sand, gravel, and pebbles. 


(From SOGREAH). 


foot of pipe required with slurry, Jw is the head 
gradient in feet of water per foot of pipe required 
with water alone, C is the concentration of solids, 
percentage by volume, Ps - P;/py is the relative 
specific gravity of solids to fluid, Cd is the drag 
coefficient of particles in free settling in fluid, and 
K is a dimensionless constant. 

Other terms are the same as previously defined. 

The foregoing equation provides a measure of the 
friction head gradient required for solids transport 
as a ratio of the extra gradient required with the 
slurry to that required with water alone. Thus, the 
extra head loss is directly proportional to the con- 
centration of solids, or to the amount of solids 
transported, which is believed to be reasonable up 
to a certain point, and inversely proportional to the 
cube of the velocity. The consequence of this last 
point is that the extra head losses should approach 
zero at high velocities, and the overall gradient re- 
quired should approach that for water alone. This is 
a generally recognized phenomenon for heterogene- 
ous slurries, confirmed by the observation of many 
investigators. No theoretical basis has been de- 
veloped to explain the quantitative influence of this 
and the other variables in the above. However, the 
remarkable ability of a modified form of the fore- 
going equation to correlate under a single curve the 
results of hundreds of tests for a particle size 
range of 65 mesh to 1-in., for a pipe diameter 
range of 1 1/2 to 24-in. and for a concentration 
range of 50 to 600 gpl for 2.65 specific gravity 
material is shown by Fig. 3 from Durand. When 
tests for solids in 1.5 to 4.0 specific gravity range 
are plotted on a similar curve for Eq. 10, the points 
also all fall on the curve according to Durand. 
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Considerations for Mixtures: The foregoing expres- 
sions are strictly applicable, as has been indicated, 
only to slurries of uniform particle sizes. How- 
ever, Durand reports® that they can also be used to 
calculate the minimum velocities and head losses 
for mixtures, which is the usual situation, if the 
following rules are observed: 

1) Solid particles smaller than 50u together with 
the water should be considered as constituting the 
homogeneous carrying fluid. 

2) The effect of particles in the 50 to 150u range 
can be ignored. 

3) For solid particles larger than 150, the parti- 
cles should be considered to have a mean diameter 
corresponding to the mean of their drag coefficients. 

The foregoing equations have been used to calcu- 
late the minimum velocity and friction head loss in 
a 12-in. pipe for a tailings slurry having a size 
range of about 10 pct +16 mesh and 50 pct —325 
mesh and a 35 pct solids concentration, for which 
actual data are available, with the following results: 


Calculated Observed 
Values Values 
Minimum Velocities 13.0 fps 12.5 fps 
Head loss gradient 5.4 ft of 5.8 ft of 
at 14 fps water per ft water per ft 
velocity of pipe of pipe 


The minimum velocity of this slurry with a 5-in. 
diam pipe was also found to be about 7.5 fps, agree- 
ing quite closely with the square root of diameter 
rule. The foregoing accuracy is probably much 
better than should normally be expected with most 
Situations. However, for preliminary purposes, 
calculated values are believed to be satisfactory. 


Friction Losses in Vertical and Sloping Pipes: For 
vertical pipes, Durand, Newitt,° and also Worster” 
have observed that friction losses, with particles 
whose settling velocity is a small proportion of the 
average flow velocity, are the same as that for the 
fluid alone flowing at the same velocity. For sloping 
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angle of slope. Thus, no indication is given of the 
much greater head losses supposedly to be expected 
with sloping lines on the basis of the opinion survey 
reported by the Hydraulic Inst.® Actually, this re- 
port does not differentiate between uphill flow, 
where it might be reasonable to expect some extra 
losses with coarse particles moving as a sliding 
bed, and downhill flow, where a decrease in losses 
might be reasonable under these same conditions. 
However, Fraser, in reporting on the test work 
which preceded the design of the concentrate and 
tailings pipelines for the Creighton mill of the Inter- 
national Nickel Co. of Canada, reports a friction 
head loss increase of about 20 pct in uphill flow at 

a 2.7 pct grade, and a similar decrease for down- 
hill flow at the same gradient. But much of Fraser’s 
data appear to have been obtained at velocities with 
which a stationary bottom deposit was present in 
the line. It is the writer’s opinion that, with most 
metallurgical slurries when carried at velocities 
resulting in complete suspension, there should be no 
significant increase in either minimum velocity or 
friction head loss up a sloping line. 

Other Theoretical Considerations: Generalized 
equations for the extra head losses due to solid 
transport have also been derived, on the basis of 
theoretical considerations alone, by D. M. Newitt 
and associates at the Imperial College of Science 
and Technology of London.® By equating the extra 
head loss required for flow to the energy loss 
caused by the continuous settling of the particles, 

in a manner similar to that developed by Wilson,” 
the following equation has been derived for particles 
transported in heterogeneous suspension in hori- 
zontal pipes 


— 

lines, the extra head loss due to solids, according to * 

these investigations, is a reduced fraction of that OL é 4 

in horizontal pipes, proportional to the cosine of the = S a 
— + 


\ 


0.0! 


! 


FLOW ASA 
HOMOGENEOUS SUSPENSION 


MEAN PARTICLE DIAMETER , d IN IN. 


0.00! 


10 20 
MEAN VELOCITY-V St/SEC 


Fig. 4—Diagvam illustrates the variation of flow 
characteristics with particle size and mean veloc- 
ity for sand and gravel in 1 and 6-in, diam pipes. 
where Vm is the free settling velocity of particles 
in water and other terms are the same as for Kq. 9. 
This expression is similar to Durand’s, with the 
most important difference being in the power to 
which the pipe diameter is raised. 
Newitt and Associates also derived a generalized 
picture of the slurry flow process, as indicated in 
Fig. 4 taken from their work, in which there are no 
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Fig. 5—Velocity and concentration distribution curves. Nondeposit transportation regime in 150 mm pipe for 
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strictly separate categories of types of flow based 
on particle size, as proposed by Durand. In Newitt’s 
picture, one type of flow gradually merges into an- 
other depending on the velocity and pipe diameter. 
Thus, with any particle size in any pipe, the solids 
dispersion should gradually approach a homogeneous 
suspension, if the velocity is made high enough. This 
is a significantly different picture than that pro- 
posed by Durand, and in some ways it would appear 
to be more reasonable. However, the bulk of the ex- 
perimental evidence to date seems to support 
Durand’s theory and equations. For instance, the 
persistence of the disparity of concentration of 

180p particles between top and bottom of a 6-in. 
pipe, at velocities as high as 18 fps, is shown by 
Fig. 5, taken from Durand. 

One of the probable shortcomings of both Eqs. 10 
and 11 is that they both account for the effect of con- 
centration on a linear basis alone. While this pro- 
cedure is probably satisfactory at low concentra- 
tions, at high values the effect of concentration on 
head losses appears to increase more than linearly. 

On this point, as well as on many others, much 
additional research is required to improve both our 
understanding of the slurry flow mechanism and the 
empirical equations so far devised for estimating 
the important design parameters. However, on the 
basis of theoretical and experimental knowledge 
already at hand, and some judgment based on ex- 
perience, it is now possible to estimate minimum 
velocities, with any likely material, with an ac- 
curacy of about + 10 pct, and friction head and pipe 
abrasion rate, with an accuracy of about + 25 pct. 
For the final design of an important installation, of 
course, more accurate data than this should be ob- 
tained through pilot or full-scale tests. But for pre- 
liminary estimating and planning purposes, the 
foregoing accuracy is usually adequate. 


CONCLUSIONS 


In conclusion, it can be stated that long-distance 
hydraulic transportation of solids by pipeline pro- 
vides many opportunities for important economic 
benefits that have hardly begun to be realized, 
especially in the mineral processing industries. 
The key to high economic practicability is usually 
the availability of large tonnages of material that is 
already, or can be, reduced to a slurry of fine 
particles at little extra cost to the process opera- 
tion. In this respect, likely opportunities in the 
metallurgical and industrial minerals industries 
should abound. 
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The theoretical and experimental knowledge for 
the full understanding and accurate evaluation of the 
different factors in the slurry flow process is far 
from being complete and much additional research 
is called for. However, sufficient understanding and 
practical knowledge are available today to permit 
the satisfactory evaluation of any contemplated 
project and the successful design of any likely in- 
stallation. 

Difficulties on start-up are, of course, always 
possible despite the best design. However, if the 
project is soundly conceived and engineered, it will 
always be possible to make some adjustment in the 
operating conditions to overcome any unforeseen 
difficulties. This has been the experience on the 
Pittsburgh Consolidation Coal Co. pipeline, where 
despite initial difficulties, the line is now satis- 
factorily transporting more coal than originally de- 
signed for. Hence, the specter of the possibility of 
abandonment of a completed pipeline project due to 
difficulties, which is likely to haunt some engi- 
neers and executives unfamiliar with the subject 
upon first considering a long-distance solids pipe- 
line, can be completely dismissed. 
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PORTABLE CRUSHER FOR OPEN PIT AND 


QUARRY OPERATIONS 


The idea of a portable crusher is not new. Many such crushers are available 
but they are small and designed for construction work. For many years the 
author has suggested, both in this country and in Europe, the building of larg- 
er portable crushers intended expressly for use in quarries or open pits. Al- 
though not applicable under all conditions, there are mining operations where 
a mobile crusher arrangement could be more profitable than the facilities 


now used. y 


| Bs primary use of a portable crusher, i.e., a 
crusher mounted on crawlers or tires, in the rock 
and mining industries is to reduce costs by permit- 
ting the substitution of conveyor belt haulage for 
truck or track haulage. The usual sequence of opera- 
tions in surface mining is drilling, blasting, loading, 
haulage, and crushing. Haulage is normally accom- 
plished by truck or track-mounted cars, the latter 
method being used for the longer distances. How- 
ever, by using a portable crusher in the pit, the se- 
quence of operations would be changed so that the 
crushing stage would occur before haulage (Fig. 1). 
Such a sequence would permit the use of conveyors 
to replace the more expensive truck or track haul- 
age methods. 

Since most quarry and open pit operations nor- 
mally require a crushing stage, the only additional 
costs incurred will be due to the investment re- 
quired to purchase or construct a mobile arrange- 
ment for a crusher. But this factor has to be weighed 
against the advantages to be gained by conveyor haul- 
age. As shown in Fig. 2, transportation of material 
by belt conveyor over short distances is less expen- 
sive than by truck. The inclination of the belt has no 
effect on belt speed; consequently, the hourly tonnage 
moved remains the same. Conversely, the output 
rate of trucks as expressed in tons or ton-miles per 
shift decreases proportionally to the haulage speed, 
which is considerably slowed by the steepness of the 
road (Fig. 3, left). Although maximum possible 
grades and maximum economic grades of haulage 
are greater for a belt than for a truck (over the same 
total lift), the longer haulage distances favor the use 
of trucks. 

Although power consumption for hauling on a grade 
increases for both conveyances, the rate of power 
consumption increases faster for trucks than for con- 
veyor belts (Fig. 3, right). Since the output rate 
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and related fixed costs are affected by the travel 
speed, total haulage costs with trucks would increase 
with the grade more rapidly than the similar costs 
of conveyor belts (Fig. 4). Travel distance, road 
grade, speed, size and number of pieces of equipment, 
efficiency of operation, and many other factors af- 
fect such haulage costs. In general terms it can be 
said that the shorter the distance, the steeper the 
gerade, and the greater the output, the more advan- 
tageous the belt becomes in comparison to truck or 
track haulage. 

In addition to potential cost savings in haulage pro- 
cedures, a portable crusher would allow better utili- 
zation and performance of shovels. Loading oper- 
ations would not be interrupted as often by the neces- 
sity of waiting for cars or trucks. Unfortunately, the 
application of belts in open pits for haulage from 
bench sites is generally not practical under existing 
conditions because a belt fed directly by a mechani- 
cal shovel can be torn, damaged, or worn out quickly 
by the large rock fragments falling on it during load- 
ing. However, by using a mobile crusher this situ- 
ation can be avoided. As shown in Fig. 1 (b), the 
shovel feeds rock into the crusher located behind it. 
The crushed material is initially transported by an 
extensible and/or movable belt, thence by a longer 
stationary conveyor to the plant where the material 
is subjectedtofurther treatment by secondary crush- 
ing, screening, etc. The first-mentioned conveyor, 
needed to bridge the distance between the shovel and 
the stationary conveyor, is necessarily variable in 
length owing to the continuous movement of the 
shovel and the desire to keep the stationary belt at a 
safe distance from the bench during blasting oper- 
ations. 

The remarkable part of mobile crusher operations 
is the extra-ordinarily high output per man-shift, 
the low maintenance and power requirements for 
haulage, and the increased output of the loading 
shovel. A cement quarry which has been using a 
portable crusher and conveyor since 1956 requires 
only three men to operate the shovel and crusher 
and to transport the crushed rock by belt from the 
quarry face to the screening plant. If truck haulage 
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Fig. 1(a)—Surface mining with conventional equipment. (b)—Surface mining with portable crusher and 


conveyors. 


were used, six men would be required. Rock frag- 
ments up to 30-in. in size are fed into a hammer 
crusher which operates at an average rate of 165 tph. 
On occasion, the crusher’s output has reached 250 
toh. At this quarry, the bridge and stationary con- 
veyors are 24-in. wide and travel at 250 fpm. The 
1460-ft long stationary belt lifts the material 140 ft 
and consumes 0.17 kw-hr per ton of rock. Since a 
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Fig. 2— Comparative total haulage costs (operating 
and ownership costs) of trucks and conveyors on 
level grade. 


272 


portable crusher has been installed, the shovel load- 
ing time, as well as its output, has increased 50 pct. 
By employing a larger shovel and portable crusher 
with the same three men, possibly two or three times 
the tonnage could be moved. 

Another company employs a portable impact 
crusher to reduce 30-in. rock to 3-in. size. This 
crusher is mounted on rubber tires and moved by 
the mechanical shovel itself. The capacity per hour 
of the crusher and belt, as well as the arrangement 
of facilities, are similar to thefirst quarry described. 
As was also true in the first operation, shovel load- 
ing time has been increased 50 pct. 


PORTABLE IMPACT CRUSHERS 


Gyratory, jaw, roll, hammer, and impact crushers 
can be used in a portable arrangement. Of all these 
types, the highest crushing capacity can be obtained 
with a gyratory crusher, but its height and necessary 
heavy foundation are disadvantages for its use as a 
mobile crusher. 

On the other hand, impact crushers lend them- 
selves well to portable operations. Such crushers 
have high capacities, are relatively lightweight, 
have small foundations, and usually generate less 
vibration during crushing operations. In addition, 
power consumption, which depends on the ratio of 
rock reduction, is quite low in this type of crusher. 
Crushing dolomite from 46 in. to 3 1/2 in. (13:1 re- 
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Fig. 3—Left: truck haulage speed vs grade. Right: power costs in cents per ton-mile for trucks vs belt con- 
veyors for 2000-ft haulage distance. Prices are 2¢ per kw-hr and 14€ per gal of fuel. 


duction ratio) requires 0.33 kw-hr per ton, and for a 
5:1 reduction ratio, 0.18 kw-hr per ton. 

An increase in crusher capacity can be obtained 
by providing a grizzly to separate the larger pieces 
of rock from the smaller ones so that only a part of 
the material loaded by shovel need go to the crusher. 
The smaller sizes can be loaded first on the convey- 
or to provide a cushion for the larger fragments of 
rock. 


BENEFITS FROM MOBILE CRUSHERS 


As previously noted, the use of a portable crusher 
would increase the performance of a loading shovel 
and thereby decrease the number of shovels re- 
quired to maintain the same rate of production. How- 
ever, there are quarries where rock must be taken 
from different parts of the pit and mixed together in 
order to get a desirable composition. This is usual- 
ly done in cement quarries. For such cases, storage 
of material at the end of the stationary conveyor or 
along its route is suggested, where the desirable 
mixture of product could be achieved. This would al- 
so create a buffer supply and allow daily quarry op- 
erations to be independent of the immediate needs of 
the plant and of the interruptions in the plant which 
usually affect the performance of the shovels. Such 
use of stockpiles could aid in increasing the perform- 
ance of each shovel during its operating time. 

In quarries or open pits, if each shovel in opera- 
tion eventually required one portable crusher, such 
a project might not be feasible due to the large num- 
ber of portable crushers required. However, in 
quarries where portable crushers have been intro- 
duced, the whole production is delivered by one shov- 
el only, producing 150 to 250 tph. There are many 
quarries attaining such production. If the production 
needs to be greater, a shovel of larger capacity can 
be employed to reduce the total number of shovels 


and portable crushers required. Since the crusher 

is mobile, it can be moved from one shovel to an- 
other, so that more shovels can be used than portable 
crushers. If it should be possible to increase the 
number of working shifts per day, further reduction 
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Fig. 4—Comparative total haulage costs (operating 
and ownership costs) of trucks and conveyors. 
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Fig. 5—Layout of belt conveyor with portable crusher in surface mining. 


of the number of shovels and portable crushers is 
possible. 

Quarries or open pits using track haulage often re- 
quire a large number of workers to move the track 
after blasting as well as to operate the railroad 
switches. The use of a long-boom shovel would make 
it possible to increase the distance between the bench 
face and the track. It would also aid in reducing the 
amount of time now consumed in moving the track 
and the number of workers to do the job, but sucha 
shovel is more expensive and slower. As an alterna- 
tive, Fig. 5 shows a layout of conveyors and mobile 
crushers in a quarry or open pit. The stationary con- 
veyor has to be located far enough away from the 
bench to avoid being damaged by flying rock from a 
blast. By means of an extensible and/or movable 
bridge conveyors, the stationary belt can be located 
far from the bench at a distance several times great- 
er than the distance between the bench and track and 
trolley wire presently used in some open pit copper 
projects. 

Application of the portable crusher might en- 
courage the use of higher benches with the commen- 
surate less blasting that would be required. Domes- 
tic practice, however, does not favor the use of high 
bench faces, partly for safety reasons during loading 
and partly because higher benches usually require a 
large borehole diam, larger drill, etc. Inclined drill- 
ing might solve such blasting problems because it re- 
duces the resistance of the rock to blasting at the 
toe of the bench. Therefore, the footage of drillhole 
required and/or the explosive consumption is small- 
er. Furthermore, due to its inclination, the pit face 
is safer for operations. In most cases, inclined 
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drilling is the only practical solution with high 
benches. In realization of these facts, new designs 
of drilling equipment capable of drilling inclined 
holes up to 9-in. diam are already on the market. 


SUMMARY 


Small portable crushers are available on the mar- 
ket. Companies which are using such crushers in 
their quarries consider that units of 500-tph capacity 
can be built and easily applied. Portable crushers 
have already been designed which exceed 1000-tph 
capacity. 

Portable crushers might find application in strip 
mining as well as open pit and quarry operations. In 
coal stripping, the actual depth of operation is deter- 
mined by the sizeof thestripping shovels. This depth 
limit might be altered in the future if it becomes fea- 
sible to crush all or part of the overburden and to 
haul the excavated material bya conveyor to the dump. 

Underground mining is another field that warrants 
investigation of the application of a portable crusher. 

The author has attempted a sketch of the possibili- 
ties of application of a portable crusher with convey- 
ors in quarry and open pit operation. It is apparent 
that there are factors which are both for and against 
the adoption of such a scheme. Hardness and abra- 
siveness of the material, capacity and price of the 
crusher, power consumption, wear, and other factors 
affect the selection of a crusher. Needless to say, 
careful cost analysis is required in each case. Be- 
cause of its ability to lower both haulage and labor 
costs, the use of a portable crusher is worthy of 
careful consideration. 
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MECHANICS OF ROCK SLOPES 


In engineering in general, close agreement between theoretical predictions 
and structural performance is rare—this is particularly true in rock slopes. 
Since the complexity of natural arrangements makes exact theoretical solu- 
tions of associated structural problems almost impossible, the role of 
theory should be that of developing guides or markers to which observations 
and experience can be related. The author in this paper has outlined the 
results of a theoretical study of highly idealized models which represent 
both granular materials and jointed rock. Some important practical con- 
siderations result—especially in regard to horizontal stresses—when 
theory is compared with full-scale experience. 


[: the field of engineering activity, specific exam- 
ples of close agreement between theoretical pre- 
diction and structural performance are rare. Par- 
ticularly is this so for the case of rock slopes, 
where, owing to the complexity of the natural 
arrangements, it is quixotic to expect exact theo- 
retical solutions to the associated structural 
problems. The role of theory is rather that of de- 
veloping signposts or guide rails to which observa- 
tions and experience can be related. 

It is with this in mind that the present paper has 
been prepared; the author’s aim has been to set out 
briefly the results of a theoretical study of highly 
idealized models which represent both granular 
materials and jointed rock. Despite the idealization 
of the problem, it will be seen that the theoretical 
conclusions are in accord with full-scale experience, 
particularly as far as horizontal stresses are con- 
cerned, and they point to some important practical 
considerations. 


CLASSIFICATION OF ROCK SLOPES 


At the risk of over-simplification, an attempt has 
been made to classify the problem of rock slopes 
into three broad categories with respect to internal 
stress systems. These are illustrated in Fig. 1. It 
is tacitly assumed in this classification that the 
strength of individual particles is very much greater 
than the interparticle strength whether the parti- 
cles are the crystals of an igneous rock (Case 1) or 
the blocks of Cases 2 and 3. 

The Homogeneous Monolith: This case is repre- 
sentative of uniform unjointed rock. Under rela- 
tively low stress conditions the internal stress 
system may approximate to that of an elastic body 
as given by Terzaghi.* It is more usual, however, 
for overall stability, to consider the material as a 
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rigid plastic which yields in shear when 
S=C +o tan 


where S is the shear yield stress, o is the normal 
stress on the surface of failure, and C and ¢ are 
empirical constants according to the Mohr- Coulomb 
criterion of failure. 

Sokolovsky” has recently developed, for the first 
time, a series of mathematical solutions to prob- 
lems involvingaC, ¢ mass subject to self- weight. He 
demonstrates that for such a case a semi-arch 
(Fig. 2) is stable. A corollary of this argument is 
that for a true C, ¢ material a curved overhanging 
slope is possible and such an observation may well 
aid field identification of these materials. The shape 
of the curved slope face is however directly de- 
pendent on the C-value, and from the long-term point 
of view this is a most difficult value to establish 
with any degree of confidence. It is customary to 
measure C and ¢ in some form of shear test—usually 
a triaxial compression test—on core specimens 
sampled from the rock, and as far as the author is 
aware the present case is the only one in which, as 
far as overall stability is concerned, such tests are 


Face-in 


Fig. 1—Classification of rock slopes. The drawings 
represent: 1) top left, the homogeneous monolith; 

2) top right, the random system; and 3) bottom row, 
the block-jointed system, 
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justified. In such a test however it is not practicable 


Fig. 2—Sokolovsky’s 
semi-arch.? 


<outline of slope’ 


@= p= 30° 


(a) No-arching solution 


to simulate accelerated weathering which could, 
where appropriate, significantly reduce the mea- 


sured C value. 


Reinius* has suggested that for concrete the failure 
criterion is governed by the strength of tensile links 
between the constituent particles. It is the author’s 
view that similar tensile links in the case of intact 
rocks contribute markedly to the C-value measured 
on rock specimens, and it is this characteristic 
which differentiates the present case of the homoge- 


= unit weight of 
material 


neous mass from those to be discussed later in this (b)  Full-arching solution 


paper. These links, however, tend to be continuously 


destroyed under the action of weathering agencies the sphere model 
and on exposes slopes this could be a contributing : 


factor to instability. 


Nevertheless, at the present stage of knowledge 
it does appear that the most fruitful approach will 
combine the analytical techniques developed by 
Sokolovsky together with appropriate laboratory 
testing of rock specimens. 

The Random System: Where rock particles are 
deposited at random, e.g., 
the mass obeys the laws which govern the behavior 


in scree or talus slopes, 


of discrete granular materials. 


This case has been studied by the author with the 
aid of models made up of mono-sized spheres which 
are systematically packed.* Despite the obviously 
idealized nature of the models both field and lab- 
oratory experience” has tended to confirm the theo- 
retically predicted equilibrium stress conditions. 
The method has been recently extended to the case 
of the simple slope,° and it is the author’s view that 
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Fig. 3—Theoretical limiting stress conditions for 


the resulting solutions are applicable to the ar- 


rangement at present under discussion. 

The most significant conclusion from this analysis 
is that a unique solution for equilibrium stress dis- 
tribution can only be derived if the slope rests ona 


rigid supporting surface (foundation). When the 


foundation distorts, the resulting stress distribu- 
tion is dependent on the degree of distortion. A 
limit solution can be established however if it is 


assumed that the distortion is such that full-arching 
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conditions are developed where the full-arching 
case corresponds to the maximum possible hori- 
zontal stress condition. The limit stress distribu- 
tion solutions are shown in Fig. 3. 

It is clear from Fig. 3b that the full-arching 
solution cannot continue indefinitely into the slope 
(as o,—>©) and must be limited in some way. The 
limitation is the overall strength of the material. 


Fig. 4—Approximate 
solution for the sphere 
model, assuming 
plastic yield. 
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Fig. 5—Typical shear stress strain curves for 
granular materials. 


An approximate solution has been obtained by im- 
posing the shear yield criterion 


S=o tan ¢; 


for the granular material and is reproduced in 
Fig. 4. The subscript is introduced into this ex- 
pression to differentiate the empirical constant ¢, 
from the ¢ value obtained in homogeneous rock 
materials. 

An important feature of this solution is that al- 


though shear yield (failure) is postulated in the slope 


this yield does not necessarily imply a major dis- 
tortion (slip) within the mass. Rather it is con- 
sidered that the granular mass, through local move- 


ment, adjusts itself to a less severe stress condition, 


i.e., it relaxes. This is possible because the be- 
havior of granular material in shear does produce 
a representative yield condition (Fig. 5) and for this 
reason the term yield is used in this discussion in 
place of the term failure, which is more customary 
in soil mechanics usage. A full solution to this 
problem must involve consideration of the peak 
stress for dense granular materials as an upper 
yield phenomenon, but no significant advance has 
been made in this direction and further discussion 
on this topic is outside the scope of this paper. It 
remains, however, that massive shear failure of a 
slope in granular material is most unlikely if the 
only forces acting are those of self-weight. When 
however external influences in the nature of pore 
water pressures or vibration (blasting) are im- 
posed on the slope then failure along a slip surface 
becomes possible. This point will be dealt with 
more fully later in this paper. 
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Fig. 6—The theoretical cube model. 


In contrast with the homogeneous monolith, there 
seems to be little to be gained in the present case 
from strength testing of specimens sampled from 
the individual particles of a random rock mass. The 
failure criterion is interparticle not intra-particle. 
The necessary problem therefore is one of deter- 
mining the shear resistance of a granular material 
which is composed of relatively large particles with 
the associated requirement of consequentially large 
specimens unless or until research will be able to 
relate the value of interparticle friction to overall 
shear resistance. 

The Block-Jointed System: This arrangement may be 
determined as the perfect packing (void ratio = 0) 
system. Apart from individual placing of blocks by 
human agency, this appears also to be the only 
natural occurrence of this perfect packing of cubical 
granular materials. 

In the first instance this case will be considered 
with the continuous joints (bedding planes) in a 
horizontal direction (Fig. 6). As with the sphere 
model it is reasonable to assume that tensile forces 
cannot exist between the cubical elements and this 
factor differentiates it from the homogeneous 
monolith case. If we add the condition that each 
cubical element is small in relation to the mass as 
a whole then the steepest stable slope is governed by 
the slope-angle y= artan 2/3 (1 vertical: 1 1/2 hori- 
zontal), Fig. 6. The limit distributions of forces 
required to maintan an element in equilibrium are 
shown in Fig. 7, and the corresponding stress dis- 
tributions in Fig. 8. 

For no-arching conditions the unit arrangement 
b in Fig. 7 is the most likely as for arrangement a 
the height of the slope is limited by the overall 
shear failure criterion. 

The mechanism which develops arching in the 
model is illustrated in Fig. 9 and from this is de- 
rived the unit conditions for the full arching case. 

It may be considered that the system in Fig. 7, 2, 


W | 


Fig. 7—Equilibrium of the theoretical units. Case 1 (drawings a and b) shows no arching unit conditions. 
Case 2 (drawing at right) shows full arching unit conditions. 
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(a) No-arching — solution 


(b)  Full-arching solution 


Fig. 8—Theoretical limiting stress conditions for 


the cube model. 


for the full arching case is not unique and is over- 
simplified. However, if vertical shear forces on 
the side of the block are introduced and/or eccen- 


tricity of the horizontal (X) force is considered, it 


will be found that, when the forces have to be 
summed over a number of cubes, it is not possible 


to maintain equilibrium conditions unless each cube 


rotates to restore contact with the neighbor which 
provides the Y2 support. From a study of small 
models it appears that the resulting equilibrium 
condition is that shown in Fig. 10, as the modified 
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Fig. 9—Arching de- 


velopment in the cube al 
model, 
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Fig. 10—Modified arch- \ = 
ing unit. 


arching unit. It should be noted however that this 
behavior corresponds to the readjustment away 
from the face referred to in connection with the 
sphere model and it is governed by the interparticle 
shear characteristics of the material concerned. 
The limiting shear characteristic may be that of 
interfacial slip (along bedding planes when ¢ < artan 
1/2) or general failure which occurs when the 

shear stress (S) exceeds the limiting value. 


S=C,+ 0 tan ¢1 


The term C; in this expression for general shear 
failure is derived from the interlocking effect on 
shear distortion which contributes to the peak point 
(upper yield) strength in granular materials and is 
again differentiated from the C value—Case 1. This 
effect is likely to be considerable in the case of 
these perfectly packed arrangements. The peak 
point strength which has been often observed in 
testing of dense granular materials is a packing 
(dilatancy) phenomenon which vanishes when the 
imposed shear strain is sufficient to develop the 


Fig. 11—Direct shear 
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Fig. 12—Approximate solution for the cube model, 
assuming plastic yield. 


ultimate yield condition (Fig. 5, and c.f. Trollope 
and Zafar’). If however the C, value due to this 
phenomenon is relatively large—as it could well be 
with the perfectly packed system—these masses 
would tend to have brittle failure characteristics, 
as the energy released in passing from the peak- 
point to the ultimate condition would be consid- 
erable. Thus the magnitude of this interlocking 
effect is of major importance. Its development 

can be illustrated easily with a simple test. A 
series of samples of loose sand are tested in 
direct shear and an essentially C, = 0 condition is 
obtained (line A, Fig. 11). If now similar samples 
are subjected to a cycle of repeated application of 
normal loads before shear is applied (care being 
taken to eliminate as far as possible any associated 
vibration) the line B in Fig. 11 is obtained when the 
peak point values are plotted. When the ultimate 
values for the samples subjected to cyclic loading 
before test are plotted, the results coincide with 
line A for the initially loose condition. As the re- 
sulting envelope line B is independent of the mag- 
nitude of the repeatedly applied load within the 
stress range considered, the effect of the cyclic 
loading is to produce the most stable- packed 
arrangement under this static system with the 
consequent development of interlocking. 

As with Case 2, the associated field problem is 
one of determining the appropriate Ci, ¢; values on 
a large scale rather than testing the properties of 
small samples from individual blocks. If the values 
of C1, ¢1 are known, then the general shear failure 
criterion can be imposed on the theoretical solution 
shown in Fig. 8b and this determines the maximum 
value of the horizontal stress that can be developed 
under arching conditions (Fig. 12). The resulting 
solution is similar therefore in form to that ob- 
tained for the sphere model as far as stress dis- 
tribution is concerned. It is applicable unless the 
slope of the bedding planes is face-in (Fig. 1) when 
the critical stability problem becomes that of the 
sliding block. 

The remaining case of the theoretical cube model 
which is deserving of attention is that with a face 
given by a 2 (vertical) : 1 (horizontal) slope (Fig. 
13). Although this is not theoretically possible for 
the general case of a granular material because the 
shear stress at the bottom corner of the slope does 
not vanish, it is obviously possible for finite slopes 
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Fig. 13—The 2:1 model. 


composed of relatively large units as small model 
tests will readily show. This case has not been 
analyzed exhaustively but the theoretical indications 
are that, under arching, the governing factor is the 
C, value which is applicable for the conditions on 
the face of the slope. There is little or no evidence 
available as yet on which to assess the practical 
features of this problem, but it is clear that there 
could be considerable advantage in building-in C, 
strength on such a slope by such techniques as rock 
bolting. 


PRACTICAL APPLICATIONS IN 
OPEN-PIT MINING 


It is believed that the homogeneous unjointed rock 
(Case 1) is rarely of widespread practical impor- 
tance because in most cases the strength of the rock 
is adequate to withstand vertical faces. Also the 
random arrangement of Case 2 is of limited interest 
in the present context. Hence further discussion will 
be limited to consideration of the implications of the 
cube model (Case 3). Many of the conclusions will 
apply to the random arrangement because of the 
similarity of internal stress distribution. 

The most significant conclusion which emerges 
from the theoretical study is that for a dry material 
(no seepage) general slope failure will not occur in 
the 1:11/2 model. This follows from the fact that 
no continuous shear trajectory can be drawn which 
intersects the boundary at two or more points. Even 
under the most severe internal (arching) stress con- 
ditions the face of the slope remains stable provided 
the foundation strength is equal to or greater than 
that of the slope material. Possible implications of 
the arching stress development however are that on 
the geological scale the mechanism of shear yield 
is responsible for block faulting, and of more im- 
mediate practical concern that this shear yield 
within the mass may give rise to undesirable 
surface movements at some distance from an open- 
pit mine. 

If, however, ground-water conditions at an open 
pit are such that seepage occurs towards the open 
faces, then slope failure is possible whether the 
internal stress condition is one of arching or not. It 
is a matter of the utmost importance therefore that 
seepage water be drained away from an open face 
wherever possible. This theoretical consideration is 
amply borne out by the experience of Stanley D. 
Wilson, which is referred to in a recent publication 
on this topic® and is further evidenced by the re- 
duction in the stable angle of a slope in granular 
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material subject to seepage parallel to the slope 
(Fig. 14). Should it be impracticable or uneconomic 
to drain water away from a slope then an analytical 
assessment of the stability problem may be made by 
superimposing the appropriate flow net condition, 
determined from field boring, on the theoretical 
stress distribution. This however poses some fur- 
ther problems. First, in the absence of any detailed 
information it is necessary to assume an arching 
stress distribution (Fig. 12). If in fact the deforma- 
tion conditions are such that full arching is not de- 
veloped then the analytical result will be too con- 
servative. Second, it entails an assessment of the 
C1, $1 values appropriate to the rock mass, and little 
is as yet known of these properties. Much can be 
done however by observations on the site to con- 
tribute towards a solution of these problems. 

The factor which gives rise to arching stress de- 
velopment within a slope is vertical movement at 
the toe relative to the interior of the slope. In the 
case of open-pit mining this is brought about by 
vertical heave of the floor of the mine. Hence, level 
observations on the occurrence of floor heave will 
indicate whether arching conditions are likely to de- 
velop. Also associated with arching is the develop- 
ment of increasing horizontal pressures within the 
mass. Pressure measurements such as those sug- 
gested by Hast? will define therefore the extent to 
which the more severe stresses associated with 
arching are developed. It is perhaps pertinent to 
point out here that the large horizontal pressures 
which have been observed frequently by Hast and 
others in mining operations can be accounted for by 
the present theory. These pressures are generated 
by differential movements and are limited only by 
the Ci, ¢1 properties of the rock mass. 


FURTHER RESEARCH 


To those closely associated with rock excavation 
the very complexity of natural deposits will un- 
doubtedly suggest many fruitful avenues of research 
and each mine and locality will present its own par- 
ticular problems. Thus, any suggestions made by 
the author will, of necessity, occupy only a very 
small part of the whole canvas of this subject. Some 
projects which appear to be worthy of further study 
however will be briefly mentioned. 

From the theoretical aspect, the problem of the 
2:1 slope is of importance. It is particularly ap- 
propriate in the case of working faces and the height 
of berms. Also the model involving rectangular 
prisms in place of cubes (the brick wall problem) 
will be of significance in assessing the behavior of 
laminated rock structures. 

On the material side, an almost untouched field, 
as far as the author is aware, is that of the shear 
resistance of perfectly packed arrangements of 
cubes. Both field experiment and laboratory testing 
on small scale models would provide most valuable 
information on this topic. 

Frequently, one of the most difficult design prob- 
lems in engineering is that of determining which, if 
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Potential failure surface — 
influenced by pore 
pressures. 


Fig. 14—The effect of seepage on slope stability. 
Drawing 1 (top left) shows dry slope in granular 
material. i=. Drawing 2 (top right) shows slope 
with seepage parallel to surface. i ~artan, 

(y - y,)/y tan ¢. Drawing 3 (bottom) shows slope 
with seepage towards the cut. 


any, simplified theory or model best fits a given 
practical case. In this context, the statistical map- 
ping of joints and bedding planes developed by 
Mueller” offers promise not only in fitting actual 
examples to existing models but also in suggesting 
new models for analysis. 


CONCLUSIONS 


Consideration of the slope stability problem in 
open-pit mines suggests that the technique of 
analysing simple models composed of perfectly 
packed mono-sized cubes presents useful solutions 
to the case of jointed rock masses. 

The analysis indicates that these masses develop 
similar stress systems under their own weight to 
those of other granular materials. In common with 
these granular materials, there is for jointed rock, 
a critical slope angle below which instability will 
develop only if seepage towards the face occurs. 
Hence slope drainage is of paramount importance in 
overall stability. 

The theoretical treatment also shows that large 
horizontal pressures can be developed in these rock 
masses merely through floor heave in the open pit. 
It thus suggests that measurement of heave and 
lateral pressures will aid in determining the stress 
system within a rock slope and so lead to a better 
appraisal of the stability condition. 

Finally, it is suggested that, amongst other things, 
study of the shear strength of perfectly packed 
cubical systems will lead to a better understanding 
of the behavior of rock masses. 


ACKNOWLEDGMENTS 


The author would gratefully acknowledge the 
assistance of I. K. Lee and J. R. Morgan, both of 
the Dept. of Civil Engineering, University of 
Melbourne, in carrying out the tests and analysing 
the models in preparation for this paper. 


a x 
he 
X 
A 
flow 
| 
| 
|| 


REFERENCES 


*K. Terzaghi: Theoretical Soil Mechanics, John Willey & Sons Inc., 
1943. 

*V. V. Sokolovsky: Some Problems of Soil Pressure, Proceedings, 
4th International Conference on Mechanics and Foundation Engineer- 
ing, 1957, vol. Il, p. 239, 

°E. Reinius: Betong No. 1, 1955; translation: C & CA. Library 
Translation Cj 63. 

“D. H. Trollope: The Stability of Wedges of Granular Materials, 
Ph.D. Thesis, University of Melbourne, 1956. 

*D. H. Trollope: The Systematic Arching Theory Applied to the Sta- 
bility Analysis of Embankments, Proceedings, 4th International Con- 
ference on Soil Mechanics and Foundation Engineering, 1957, vol. Il, 
p. 382. 


*D. H. Trollope and J. R. Morgan: Stress Systems within Simple 


Slopes of Granular Materials, C. E. Transactions, Inst. of Engineers of 
Australia, 1959, CE vol. I, p. 1. 

"D. H. Trollope and S.-M. Zafar, A Study of the Shear Strength of 
Saturated Sand and Sand: clay Mixtures, in Triaxial Compression, Pro- 
ceedings, 2nd Australian-New Zealand Conference on Soil Mechanics 
and Foundation Engineering, 1956. 

*S. D. Wilson: The Application of Soil Mechanics to the Stability of 
Open Pit Mines, Symposium on Rock Mechanics, Colorado School of 
Mines, April 1959. 

°N. Hast: The Measurement on Rock Pressure in Mines, Sveriges Geo- 
logiska Undersokning, 1958, Series C, No. 560. 

“°L. Mueller: The European Approach to Slope Stability Problems in 
Open Pit Mines, Symposium on Rock Mechanics, Colorado School of 
Mines, April 1959. 


281 


ROOF SLOPE AT DEFLECTED SUPPORTS 


Analysis of a mine roof can be based on fixed-end beam behavior. The 
author here analyzes the effects of zero restraint at deflecting beam 
supports. Formulae are given for determining permissible support 


deflections. 


hee is of a mine roof in a bedded deposit usually 
follows the assumption that the behavior of the 
roof is analogous to a beam with both ends fixed. 
Yet it is recognized that the end restraint itself var- 
ies with the thickness of cover, so that at shallow 
depth the restraint is minimum, and at great depth, 
maximum.! Consequently, an analysis on the basis 
of fixed ends or full restraint represents only one 
extreme in the possible range of conditions. Since 
the actual amount of restraint is difficult to ascer- 
tain, a more rational approach is to consider the 
two extreme cases of end restraint. Such situations 
regarding uncertainty of the restraining effects of 
supports are not uncommon in structural analysis, 
and are handled in a like manner.” Since previous 
studies*,+ have dealt with full restraint, this paper 
will analyze the effects of zero restraint at deflect- 
ing beam supports. 

In such a case a mine roof with several interme- 
diate supports becomes analogous to a uniformly 
loaded continuous beam on simple supports, as 
shown in Fig. 1A. Such a structure is statically in- 
determinate to a degree equal to the number of in- 
termediate supports, m. Therefore, with the three 
equilibrium equations, m additional equations are 
needed. A number of methods exist to analyze this 


A w= 7h 


i 


(n+1) 
B Mit A, M(i+1)8 
Malt ig 6iB 


Fig. 1—Immediate roof as a continuous beam, A) 
Load diagram. B) Elements of continuous beam. C) 
Slope continuity of elastic curve. 
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problem, but The Theorem of Three Moments is 
simplest.’ The continuous beam is divided at each 
support into a sequence of simply supported single 
span beams, with the unknown end moments, as ap- 
pears in Fig. 1B. Continuity requires that the com- 
mon ends of adjacent beams have the same slope 
(Fig. 1C). 


= %G41) and 
Myp = MGs va = Migerv- [1] 


A Glossary of all terms is given in Table I. 
Furthermore, if we first consider that the supports 
do not deflect, the slope at a support is the sum of 
the slopes due to each of the individual loads shown 
in Fig. 2, yielding: 


Table |. Glossary of Terms 


Symbols: 


6 = slope, radians; <7 and positive in the first and third 
quadrants 


M = moment, ft-lb 

w = uniformly distributed load, 1b per ft 

y = specific weight, lb per ft* 

h = thickness of beam, ft 

L = span, ft 

E = Young’s Modulus, Ib per ft? 

I = moment of inertia about the neutral axis, ft* 
d = deflection, ft 


n = number of intermediate supports 


Subscripts: 


The first refers to a particular span where i is any individual span. 


The second refers to left, A, or right, B, supports of the partic- 
ular span. 


The third, 7, refers to total slope for misaligned supports. 


WwW WwW 
M 
A B A B A B A B 
3 
Mal Mel 
3EI 6EI 
SLOPE AT B Mau Mel 
24EI 6EI 


Fig. 2—Components of deformation. 
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Fig. 3—Modification for initial slope. 


3 
Minky [2] 
iB 24EI 6EI 3EI 
3 
24EI 3EI 
MGs [3] 
6EI 
Since from Eq. 1, Eq. 2 equals Eq. 3, 
24EI 6EI 3EI 24EI 
3EI 6EI 


An equation of type 4 exists for every support and 
thus, with the equilibrium equations, is sufficient to 
determine all the reactions. From these the normal 
and shearing stresses at any point of the beam are 
found. 

Since the supports can deflect, the problem be- 
comes one of misalignment and is handled by alge- 
braically adding the slope of a straight line joining 
adjacent supports to Eqs. 2 and 3° as is done in 
Fig. 3: 


MG + pli 
gery Oras [3a] 
Therefore, Eq. 4 becomes: 
3 
24EI 6EI 3EI 24EI 
where: 
d; 
6, = tan 6; =— and 6,,, =——— [5] 
L; Lin 


If the supports deflect known amounts, these values 
can be substituted into Eqs. 5 and then 4a for solu- 
tion of the reactions and resulting beam stresses. 

If allowable stresses are given, the permissible 
support deflections can be solved by successive 
approximation. 
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INTERFERENCE LOADS IN BEDDED SEQUENCES 


Two basic cases involved in the design of an opening in bedded rock are: 
1) where the beds deflect from each other so as to be separated; and 2) 
where the beds deflect onto their lower neighbor, loading the latter while 
reducing their own load. Analysis of case 1 is relatively simple, while the 
interference of the original deflection curves in case 2 complicates anal - 
ysis of the latter. Figures and formulae are presented for determination 


of interference loading in this situation. 


| is design of an opening in bedded rock involves 
two basic alternatives.»? In one case the beds de- 
flect away from each other, so as to be separated 
from their neighbors; in the other case the beds de- 
flect onto their lower neighbor, loading it, while re- 
ducing their own load. This is shown in Fig. 1. The 
first case lends itself to a simple analysis, since 
the upper and lower boundaries of each beam remain 
a free surface. In the latter case, however, due to 
the interference of original deflection curves, the 
analysis is more complex. 

Earlier investigators’? of this interference prob- 
lem solved it by making the tacit assumption that 
this type of loading was uniformly distributed along 
the beam’s length. While there is no intuitive justi- 
fication for this assumption, its use does lead to an 
approximate solution. Still, a more exact solution 
does not require this apparently unrealistic restric- 
tion. 

To achieve initial simplicity, the analysis will at 
first be limited to a two-bedded sequence, as in Fig. 
2. Since both beams have identical end conditions 
and spans, the original deflections of their center 
lines are members of the same family of curves, as 
shown in Fig. 3. Therefore, if interference occurs 
at one point along their center lines, it will occur at 
every point. For convenience, the midspan point is 


A B 


Fig. 1—Basic alternatives in bedded sequences 
where all beds in any one sequence are of the same 
material. A) Beds deflect away from each other. 
B) Beds deflect onto each other. 
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that usually examined. Deflection at midspan for a 
uniformly loaded beam regardless of end conditions 
7.4 

€ [1a] 
where c is a constant depending on end conditions; 
w is the body load and equals yh, lb per ft; yis the 
specific weight of rock, lb per ft *; L is the span, ft; 
E is Young’s Modulus, lb per ft?; J is moment of 
inertia (for a rectangular section), J = 5h3/12 
= h%/12, (ft*); 6 is the width of beam and equals one; 
and h is the thickness of beam, ft; or 


YA $ YB 
as 
MA 
1b 
Eyhy? * 
By substituting the appropriate values into Eq. 1b, 
interference between the two beds can be predicted. 
Should it occur, the additional loads along the lower 
boundary of the upper bed and the upper boundary of 
the lower bed must be determined. From the prin- 
ciple of action and reaction, these added loads are 
known to be equal and opposite, as indicated in Fig. 
4. 
Since the final deflection curves for both beds are 
identical (Fig. 3), their successive derivatives of 
y with respect to x must also be identical. That is: 


2 Ya) 


B(Egs 7p) 


Fig. 2—Two-bedded sequence examined. 
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Ugo: ORIGINAL DEFLECTION OF B 
Ya& Ya: FINAL DEFLECTION OF COMBINED A&B 


Fig. 3—Deflection curves of a two-bedded sequence. 


(deflection) [2a] 
(slope) 2b 
ax A dx B 
d*y 
(curvature) [2c] 


dx4 A dx4 |p [2e] 


For a beam submitted to a continuous distributed 
load:* 


w+tw(x) yh + w(x) [3] 
12 


where w(x) is the interference load transferred from 

the upper to the lower bed, being negative for the 

former and positive for the latter. It varies in some, 

as yet, unknown manner as x varies. The subscripts 

will refer to the respective beds. (See Fig. 2.) 
Therefore, from Eqs. 2e and 3: 


yah, w(x)ap + W(X) AR [4] 
Ephp? 


Solving: 


WA 


A 


WB 


Fig. 5—Loads on beds A and B in a two-bedded se- 
quence. 
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Fig. 4—Interference load between beds A and Bina 
two-bedded sequence. 


[5] 


From Eq. 5 and Fig. 5, it can be seen that the in- 
terference load actually does remain constant along 
the beam as assumed by the previous investigators; 
consequently, Eq. 5 is identical to theirs.” 

The problem of an ~-bedded sequence is handled 
in like manner; formulating ” equations similar to 
Eq. 4 with m unknowns, as shown below, and solving 


E,h,* Ephp$ 
Ephp? 
p73 [6] 
> xX 
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Fig. 6—Asymmetrical interference loading. 
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Having determined the interference loads, the 
safe span is calculated for the lowest bed in the 
usual manner.® The remaining beds must then also 
be checked for failure. 

The fact that interference loads between deflect- 
ing beams are uniformly distributed can be ex- 
tended beyond the examples considered above. In 
these instances, the deflection curves of the beams 
were symmetrical about a vertical axis through 
their midspan points. However, when asymmetry 
exists, as in the important case of longwall caving, ® 
the same principle must still apply. Wherever the 
final deflection curves, due to mutual interference, 
coincide, the interference loads must be uniformly 
distributed. This is shown in Fig. 6a where inter- 
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ference is assumed for x,<%* <%,. Between these 
limits, y4 = pg as in Eq. 2a, therefore, Eqs. 2b 
through 2e must also apply. From Fig. 6b it is 
seen that Eq. 3 likewise applies between these lim- 
its of x; consequently, Eqs. 4 and 5 must also apply 
to the asymmetrical as well as symmetrical con- 
dition of interference loading. 
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MEASUREMENT OF ROCK PRESSURE WITH 


A HYDRAULIC CELL 


During the past three years, USBM has developed an apparatus and technique 
for direct measurement of existing pressure and change of pressure in mine 
rock. This relatively simple and inexpensive monitor is reliable for months 
after being installed. It is used to determine shift of ground pressure created 
by different sequences of mining, to ascertain the cause of rock failures, and 
to evaluate the need for artificial support. The technique has been employed 
to measure pressures in limestone, greywacke, concrete, diabase, and soft 


zyon ore. 


Wie rock is subjected to a load it is deformed. 
Ordinarily this is observed in a mine as the dis- 
placement of one point with respect to another—the 
deflection of the roof, which may be observed as a 
convergence between roof and floor; or the extrusion 
of material from the rib, which may be observed as 
a decrease of the distance between the rib and the 
post of a timber set. The effect of excessive pres- 
sure may be a rockburst if the rock is strong, or it 
may be squeezing ground if the rock is soft. Some 
desirable effects of high stress (high in relation to 
strength) are the caving of roof in a longwall mining 
operation, the caving of ore in block caving, and the 
decrease in mechanical energy required to break 
down the mineral seam in a retreating pillar— 
robbing operation. 

In any case, whether the observable effect of rock 
load is desirable or undesirable, it is a displace- 
ment, and depends on the following four factors: 

1) The structure—the size and shape of openings, 
pillars, and linings, the geologic bedding and jointing. 
2) The mechanical properties of the rock—prin- 
cipally the strength, modulus of elasticity, and flow 

characteristics. 

3) The load or applied stress—primary sources 
are the weight of superincumbent rock, which in- 
creases with depth, and unrelieved tectonic stresses; 
secondary sources are redistributed pressures 
caused by other nearby openings, especially large 
mined out zones (rock pressure depends partly on 
the rock structure created by mining). 

4) Duration of load, related to the length of time 
the opening is exposed. 


CONTROL OF ROCK DISPLACEMENT 


Rock displacement can be controlled by control of 
these four factors. Consider now the means of exer- 
cising such control over these factors. 

Control of the structural features is obviously 
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possible to a great extent, as such control is exer- 
cised largely by choosing the method of mining and 
the methods of natural and artificial support. 

Rock properties vary, even within a particular 
mine, but they are controllable only in the limited 
sense that control may be exercised by choosing the 
beds or zones to be mined so that rocks with unde- 
sirable properties will not occupy critical positions 
within the rock structure created by mining. 

Rock pressure is the most complex of the four 
factors through which ground control can be achieved 
because it is invisible, difficult to measure, and 
poorly understood. Rock pressure is controllable 
only to the extent that control is exercised on the 
rock structure created by mining. 

Considering openings within a particular mine, 
time of exposure varies, and is readily controllable 
because it is easily measured and easily understood 
—the longer an opening stands, the greater the like- 
lihood of failure or excessive convergence. Control 
is exercised by choice of an appropriate sequence of 
driving openings of different classes, such as haul- 
ageways and rooms, which are required to remain 
well supported for different lengths of time under 
different conditions. Again, control is exercised 
through the method of mining. 

All controllable factors can be controlled by 
proper design of the mining method. The orientation 
and relative positions of the mine workings and the 
sequence of their excavation are likely to be much 
more important to ground control than is the design 
of artificial support. This implies that the major 
decisions in regard to ground control are made, 
knowingly or not, at the time the mining method is 
chosen. 


WHY MEASURE ROCK PRESSURE 


In addition to restrictions on the several factors, 
control implies the measurement of these factors in 
some sense, whether only qualitatively by visual 
observation, or by actual quantitative determination 
with a measuring instrument. Rock pressure is the 
most difficult of these factors to measure, largely 
because of the interaction between the measuring 
device and the rock. Nevertheless, the quantitative 
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Fig. 1—Typical pressure 
measurement array. Ver- 
tical section through cen- 
ter of hydraulic pressure 
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measurement of rock pressure is desirable for the 
following reasons. 

Quantitative Measurement is Superior to ‘‘Go-—No 
Go:’’ Systematic progress in developing improved 
ground control practices depends on effective ex- 
perimentation. It is well known that the greater the 
precision of measurement, the fewer the experi- 
ments required to establish the validity of a par- 
ticular relationship. Evaluation of steps taken to 
control rock pressure is rather difficult when, as is 
generally true today, the evaluation is based largely 
on the occurrence or nonoccurrence of excessive 
rock displacement. For example, in a coal mine the 
method of roof support is considered good if the roof 
stays up, and poor, if roof falls are numerous. This 
is a crude form of measurement analogous to a go- 
no go gage, which may be adequate to assess the 
acceptability of a ground control method, but which 
is of little help in devising an approach to a partic- 
ular ground control problem; information is needed 
as to the magnitude of the difference between the 
existing rock stress and the critical value. Quan- 
titative measurement of rock pressure can provide 
such information. 

Measurement of Pressure is Preferable to Measure- 
ment of Displacement: As the control of rock dis- 
placement depends ultimately on controlling the 
pressure that creates the displacement, knowledge 
of the direction and magnitude of the rock pressure 
is likely to be much more meaningful than knowledge 
of the direction and magnitude of the rock displace- 
ment or deformation. However, because displace- 
ment and deformation are so easy to measure, 
especially qualitatively, there is a general tendency 
of observers in mines to infer the direction and 
magnitude of rock pressurefrom the observed direc- 
tion and magnitude of rock displacement. Analysis 
of stress and strain in two and three dimensions 
reveals that such inferences can easily lead to 
erroneous conclusions. Experience demonstrates 
that in these matters, intuition is an extremely poor 
substitute for adequate grounding in the fundamentals 
of stress analysis. 

Inferences Can Be Made Independent of Local Rock 
Properties: As the magnitude of deformation de- 
pends on the mechanical properties of the rock as 
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well as on the rock pressure, the variability of rock 
properties tends to obscure the influence of pres- 
sure on the deformation observed at different loca- 
tions within the mine. For example, in mining by 
block caving, after observing that ground support in 
grizzly drifts is better in an experimental 100x 100- 
ft block than in the 200 x 200-ft blocks worked here- 
tofore, one may (falsely) conclude that ground pres- 
sure can be reduced by working a smaller block, 
whereas the improvement in conditions actually may 
be due to more favorable rock properties. Appro- 
priate pressure measurements can lead to conclu- 
sions that are independent of the influence of local 
rock properties. 

Decision- Making is More Rapid: As the magnitude 
of rock deformation, particularly flow and fracture, 
depends on the duration of loading as well as on the 
applied pressure, an earlier indication of the ground 
control situation is obtained by measurement of rock 
pressure than by measurement of rock deformation. 
In an operating system, this amounts to an advance 
warning, permitting appropriate corrective action to 
be initiated, perhaps by changing the sequence or 
rate of extraction in the affected area so as to 
decrease the rock pressure before it causes 
excessive deformation (which might otherwise lead 
to the crushing of supports by squeezing ground). 


PROCEDURE DEVELOPED BY USBM 


Pressure measurement techniques may be sub- 
divided into two classes: 1) measurement of change 
in rock pressure and 2) measurement of total exist- 
ing rock pressure. The latter is a more difficult and 
more informative measurement, because it provides 
simultaneously the change in pressure as the differ- 
ence between two different measurements of existing 
pressure. 

Although the U.S. Bureau of Mines has under de- 
velopment a pressure cell intended primarily to 
measure change in pressure, this paper is con- 
cerned with some apparatus and a technique devel- 
oped by the Bureau to measure total existing rock 
pressure. The procedure is as follows: Four strain 
gages are cemented in vertical slots in the rib 
(Fig. 1), which are created by drilling a series of 


{ 
Strain gage clement} 
Mortar 
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overlapping holes with an airleg drill. Next, a 
horizontal slot is created, which partly relieves the 
vertical rock pressure p; within a zone roughly 
cylindrical in shape, centered about the slot. This 
causes the average initial reading G; of the two 
central strain gages to change to an average value 
G,, corresponding to the relieved state. (Strain 
gages are used in pairs to average out the influence 
of rock variability.) A flat steel hydraulic pressure 
cell (usually 12 x 12 to 16 x 16 in.) is then cemented 
in the horizontal slot and the pressure is raised 
within the cell until the average reading of the two 
central strain gages returns to the initial value G;. 
When this occurs, the pressure within the cell is 
presumed to be equal to f;, the vertical pressure 
that was formerly carried by the rock within the 
horizontal slot. The rock pressure is thus obtained 
by direct measurement rather than being determined 
by measuring deformation, which is then converted 
to pressure through a stress-strain relationship. 
The cycle of events is represented by the graph, 
Fig. 2, which was obtained from a pressure mea- 
surement array in greywacke. In this example, the 
central strain gages experienced an average strain 
relief of +240 microin. per in., owing to slot cutting, 
which was nullified when the pressure in the hy- 
draulic pressure cell was raised to 3150 psi; hence 
Pp; = 3150 psi. The pressure in any direction parallel 
to the rib surface can be determined similarly by 
appropriately orienting the array. 

For a standard array, the strain gages are in- 
stalled at the same depth in the rib as the center of 
the hydraulic pressure cell; hence, they respond to 
changes inside the rib rather than to surface 
changes. Within limits it is possible to study the 
variation of rock pressure with depth inside the rib 
by placing gages and pressure cells at different 
depths. 

Other investigations show that the pressure mea- 
sured by this method is the average value of exist- 
ing rock pressure over a distance of about 4 in. fore 
and aft of the central strain gages, (the average ex- 
isting rock pressure between a point 6 in. anda 
point 14 in. inside the rib, in the case of a strain 
gage located 10 in. inside the rib). There is an ad- 
vantage to determining the average pressure over 
an area—the average is more likely to be a repre- 
sentative value than is the pressure at a point, un- 
less the rock is quite homogeneous. 

Once the cell pressure is made equal to the rock 
pressure, and the valve is closed, the fluid pressure 
will rise and fall with the rock pressure, remaining 
always equal to it, if the hydraulic pressure cell and 
the slot-filling mortar together possess an effective 
modulus of elasticity, E, not too different from that 
of the rock. This condition is not easily fulfilled in 
the case of a purely hydraulic system, which the 
Bureau hoped to develop. There is no easy way to 
determine accurately the effective E of the cell and 
mortar; to properly test a pressure cell in the lab- 
oratory, it would have to be embedded in a block 
having an area about ten times that of the cell. A 
testing machine capable of exerting nearly a 3 mil- 
lion-lb load would be required to create an average 
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Fig. 2—Relation between slot pressure and average 
reading of central strain gages as the slot is drilled 
out and then pressured by the hydraulic pressure 
cell (HPC). 


pressure of as much as 2000 psi in the block, with a 
12x12-in. cell, the smallest cell used for field in- 
stallations. 

This difficulty is circumvented by using an outer 
pair of strain gages in the pressure measurement 
array (Fig. 1) to provide additional information, 
which makes it unnecessary to calibrate the hy- 
draulic pressure cell, to match its modulus of elas- 
ticity to that of the rock, or even to know its modu- 
lus. The outer strain gages are installed a few feet 
away from the pressure cell slot so that their read- 
ings cannot be influenced by pressure relief created 
by the slot or pressure exerted by the hydraulic 
cell. When, owing to the effects of mining in the 
vicinity, the rock pressure changes from the initial 
value p; to some new value p,, the new rock pres- 
sure is found as (is equal to) the fluid pressure re- 
quired to bring the average reading of the central 
strain gages to G, rather than to G;, because G; 
corresponds to the initial rock pressure p;. G, is 
determined from the average reading of the outer 
strain gages at the new rock pressure p,; it is the 
average reading that the central strain gages should 
exhibit if the pressure cell andslot were not present. 

The principal objective of the investigation was to 
develop procedures and apparatus that are simple, 
reliable, and stable for long periods (at least one 
year) under mine conditions, so that it will be pos- 
sible ultimately to make reliable pressure measure- 
ments by a routine procedure and under production 
conditions, with minimum time required to obtain 
and reduce the data. The hydraulic pressure cell and 
pressure control mechanism (Fig. 3) fully satisfy 
this requirement, as they are completely mechani- 
cal. Several versions of both were made and tested 
in the process of developing apparatus with the req- 
uisite strength and convenience of operation. The 


289 


Fig. 3—Pressure control mechanism, valve, gage, and 16x 16-in. hy- 
draulic pressure gage. 


maximum design pressure is 10,000 psi, which 
should be adequate to measure rock pressures that 
may be encountered at depths to at least 3000 ft. The 
pressure control mechanism is a combined fluid 
pump and fluid volume meter (for purposes other 
than those discussed here). It is compact, conven- 
iently attachable, and easily operated with an ordin- 
ary hand wrench. 

The strain gages were electric resistance strain 
gages manufactured specifically for embedment in 
mortar. By observing all known precautions, it has 
been possible to maintain the life of such gages for 
varying periods up to about two years; by that time, 
the cumulative effect of moisture usually makes 
their reliability doubtful. 

Actually, almost any type of strain or pressure- 
sensitive device can perform the same function as 
the resistance strain gage. The choice of device de- 
pends on questions of reliability, stability, and con- 
venience of installation and use. Recently, the lab- 
oratory has been developing a small borehole pres- 
sure cell, which, among other things, can perform 
this function, resulting in a pressure measurement 
array that is completely mechanical, requiring no 
electronic equipment. This will substantially im- 
prove reliability and stability and shorten the time 
required to install a pressure measurement array 
and make pressure measurements. 

Experiments witha similar type ofhydraulic cell 
were reported by E. Tincelin (International Confer- 
ence About Rock Pressure and Support in the Work- 
ings. Liege, 1951, p. 160). Because the relief due 
to slot cutting was measured as a displacement be- 
tween apair of plugs set in the rib, the method is not 
well suited to measuring pressure inside the rib. 
Moreover, investigations indicate that placement of 
the relief sensing device near the rib surface yields 
a rather inflated estimate of rock pressure. Also, 
no attention was given to measurement of pressure 
where changes in pressure occur after the cell is in- 
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stalled; a solution to this practical problem is what 
makes possible a more or less permanent pressure 
measurement station. 


APPLICATIONS 


The apparatus and technique described herein 
have been used to measure pressure in diabase, 
limestone, greywacke, iron ore, and concrete (drift 
linings) in three mines over a period of about three 
years. The technique appears to produce accurate 
results. The results are reproducible in that pres- 
sure measurements obtained from arrays in the 
same drift agree within the limits of experimental 
error, which is estimated to be about 10 pct. Also, 
the measured pressures are consistent with pres- 
sures that may be predicted by theory for simple 
stress situations. (The pressure in the rib of a rec- 
tangular opening 12 ft wide by 8 ft high, at a depth of 
1500 ft, and distant from any large mined out zone, 
may be estimated from theoretical considerations to 
be about 3000 psi, allowing for the stress concentra- 
tion factor and assuming a small ratio of lateral to 
vertical undisturbed earth pressure.) 

The technique and apparatus are intended pri- 
marily to be used as semi-permanent pressure 
measurement stations to monitor rock pressure at 
locations that may be of particular interest to an in- 
vestigation of certain ground control principles, or 
locations that may be critical to production (where 
failure to control rock pressure could disrupt mine 
production). 

The USBM is collecting data from installations in 
three mines as part of its research on the principles 
of ground control. In this research, emphasis is 
placed on the concept of controlling rock pressure 
through control of the sequence of extraction, as in- 
vestigators believe that this is the most fruitful ap- 


proach to developing both new and better methods of 
mining. 
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BLASTING THEORIES AND SEISMIC WAVES. PART |.: 
RESUME OF RECENT BLASTING THEORIES 


In the last ten years large gains have been made in the field of blasting. 
These gains have been both in the theoretical and in the practical application 
of explosives. One of the most publicized changes in the practical application 
of commercial explosives is the now-prevalent use of ammonium nitrate and 
fuel oil, The new water-compatible mixture of ammonium nitrate and TNT 
should also have a large field of application. Most of the theoretical gains 
have been concerned with the actual rock breakage obtained with explosives. 


n the last ten years, large gains have been made in 

the field of blasting. These gains have been both in 
the theoretical and in the practical application of ex- 
plosives. One of the most publicized changes in the 
practical application of commercial explosives is 
the now prevalent use of ammonium nitrate and fuel 
oil. The new water-compatible mixture of ammo- 
nium nitrate and TNT should also have a large field 
of application. Most of the theoretical gains have 
been concerned with the actual rock breakage ob- 
tained with explosives. 


EXPANDING-GAS-BUBBLE THEORY 


There has been an outstanding change in the con- 
ception of how an explosive produces rock failure. 
The early theory which explained rock breakage was 
correct for some of the first force-producing agents 
such as quicklime. When a drillhole was filled with 
quicklime and water added, the material expanded 
and steam was generated. The expanding material 
and the steam exerted a slowly increasing pressure 
on the sides of the drillhole. The force broke the 
rock by splitting. Because a great quantity of gas 
was produced by the deflagration of gunpowder, the 
same process of the gas pressure splitting the rock 
was assumed to take place. Even after 80 years of 
use, the rock-breaking action of all high explosives 
was thought to be caused entirely by the expanding 
gas bubble which tore and split the rock. Fig. 1 
shows a vertical section through an exploding spher- 
ical charge of high explosive. It illustrates the early 
theory which attributed the entire breakage to the 
expanding gas bubble. The basic idea of this theory 
is that the breakage started at the explosive charge 
and progressed toward the free face. 
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by Arthur W. Ruff 


REFLECTED-WAVE THEORY 


The expanding-gas-bubble theory has gradually 
been replaced by the reflected- wave theory. The re- 
flected- wave theory explains rock failure by ex- 
plosives in the following manner: The enormously 
high gas pressure in the drillhole produces fractur- 
ing of the rock on the sides of the drillhole. The 
fracturing around a 1 1/2-in. diam drillhole is 
usually confined to an area with about a 6-in. diam. 
In the fractured area, the pressure of the gas is re- 
duced until the force on the walls is no longer capa- 
ble of fracturing the rock. Although the gas pres- 
sure does not continue to fracture the rock, the 
pressure imposes a high impact stress on the wall 
rock. In addition, a pressure or seismic pulse is 
produced in the rock. The pulse is probably en- 
tirely a compression pulse when originally pro- 
duced in the rock. But, with distance, part of the 
energy of the compression pulse is transformed 
into a tension pulse which follows the compression 
pulse. The explosive charges and burdens used in 
conventional mine blasting are such that the tension 
pulse of the original wave is probably too small to 
be considered in a practical evaluation of the theory. 
The compression pulse is transmitted through the 
rock with no associated fracturing. 


Rock movement caused by gas pressure 


Expanding-Gas bubble 


Charge 


Fig. 1—Vertical section through an exploding spher- 
ical charge. The type of breakage shown was orig - 
inally attributed to an expanding gas bubble. 
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Medium weight of explosive 
charge 
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Fig. 2—Vertical section through exploding special charges. The type of breakage is attributed to a ie 
flected seismic wave. Left-hand drawing shows a small weight of explosive charge; the center drawing, 


medium weight; and the right-hand, large weight. 


If the compression pulse of the seismic wave im- 
pinges on a free face it is reflected as a tension 
pulse. Since the rock is weaker in tension then 
compression, the rock will start flaking from the 
free face toward the charge if the reflected tension 
pulse is of sufficient magnitude to cause failure. 
The dynamic tension strength of the rock appears 
to be slightly higher than the static tension strength. 
Fig. 2 shows vertical sections through craters pro- 
duced with explosive charges of different weights. 
Fig. 2 shows how craters can be formed with no 
rupturing of the rock between the explosive charge 
and the crater. Considerable evidence for the re- 
flected- wave theory’s validity has been given by 
Duvall and Atchison.’ Rinehart’ has shown the same 
flaking action occurred when a reflected tension 
pulse was obtained in a steel plate. Fig. 3 shows a 
steel plate which had an explosive charge detonated 
on the lower surface. An excellent example of 
tension slabbing is shown on the upper surface. 

Any strong impact force such as a hammer blow 
on the end of a rod can produce a compression pulse 
which will be reflected at the other end of the rod 
and which can produce tension failure. Therefore, 
tension spalling at a free face by an explosive should 
not be confined to high or detonating explosives. 


CHARACTER OF THE SEISMIC WAVE 


Fig. 4 shows a seismic wave recorded 3 ft from a 
confined drillhole charge of 50 g of 80 pct special 


Contact area of explosive 
Fig. 3—Vertical section of slabbing caused by a ve- 
flected tension wave in a 3-in. steel plate. After 
Rinehart and Pearson.” 
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gelatin. The wave consisted of a strong compres- 
sion pulse followed by a much weaker tension pulse. 
The strain gage used to record the wave was placed 
in a position where there was no reflected component 
of the wave. Fig. 5 also shows a seismic wave re- 
corded 3 ft from a confined drillhole charge of 50 g 
of 80 pct special gelatin. However, the wave shown 
in Fig. 5° was recorded by a gage which recorded 
the seismic wave 2 1/2 in. below the surface of the 
free face. Since the gage bordered the free face, 
both the initial and reflected components of the 
seismic wave were recorded. The wave shown in 
Fig. 5 consisted of a strong compression strain 
pulse followed by an equally strong tension strain 
pulse. If the tension-strain amplitude of the wave 
shown in Fig. 5 had been larger than the maximum 
tension strain which the rock could have transmitted 
without failure, the rock would have spalled and the 
gage would have been damaged. Fig. 6 shows a 
seismic wave in which the tension strain was of 
sufficient amplitude to break the strain gage and 
fracture the rock. The seismic pulse ends where the 
gage was no longer capable of recording the strain. 


CRATER DATA 


A comparison of the results obtained by Duvall 
and Atchison and those obtained by Livingston®”® can 
be made. Livingston defined the critical depth of an 
explosive as the depth at which a charge can be 
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Fig, 4—Seismic wave 
From 50 g of 80 pet 
powdery at 3 ft, location 

1. This is the initial 
seismic wave and has no 
components from the re- 
flected wave. Horizontal 
scale: one square equals 
1 m-sec; vertical: one 
square equals lyin per in. 
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from 50 g of 80 pet 
powder at 3 ft, location 
2. This wave is com- 
posed of components 
From the initial wave 

fe) and also the reflected 
wave. Horizontal scale: 
one square equals 1 m- 
sec; vertical: one square 
equals lyin per in, 
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placed so the entire energy of the explosive is just 
consumed by the rock without failure at the free 
face. He defined the critical weight of an explosive 
as the largest weight of explosive which, when 
blasted with a constant burden, will not form a 
crater at the free face. Livingston found the re- 
lationship between the critical depth and the critical 
weight could be expressed by Eq. 1: 


[1] 


where D,, is the critical depth in feet; E is the 
strain energy, 3.8 to 4.0 for granite; and W,, is the 
critical weight in pounds. If a 1-lb charge is con- 
sidered, the critical weight, the critical depth for 
granite calculated with Eq. 1 is 3.8 to 4.0 ft. E is 
equal to the scaled charge depth with a critical 
weight of explosive. 

If a 1-lb charge is considered the critical weight, 
the critical depth obtained for granite by Duvall was 
about 3.1 ft. Evidently the critical depth has a rela- 
tively constant value for a general rock type, such 
as granite, since independent investigators found 
similar values even though they did not work with 
exactly the same rock. 

Livingston found the value of FE varied in the same 


Fig. 5—Seismic wave from 
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Scaled crater radius— 


Scaled depth— 
Fig. 7—Crater data for sandstone obtained by 
Duvall and Atchison. 
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Fig. 6—Seismic wave from 100 g of 60 pct powder. 
Horizontal scale: one square equals 1 m-séc; 
vertical: one square equals 500yin per in, 


rock with different types of explosives. The value of 
E for Idaho Springs Gneiss was 4.1 for a 1-lb 
charge of 40 pct ammonium gelatin and 7.0 for a 
1-lb charge of 45 pct semi-gelatin. Idaho Springs 
Gneiss is very inconsistent in its physical charac- 
teristics because of its geologic nature. It may be 
that the heterogenous structure of the gneiss ob- 
scured the true value of EZ. Duvall found rock in- 
consistencies caused a greater variance in the 
craters than different types of powder. The rocks 
tested by Duvall appear to have had consistent 
physical characteristics, and it is probable that his 
observation which showed little difference in the 
craters formed by either an ammonium gelatin or 
a semi-gelatin was correct. 

I shall now show how data from Figs. 7, 8, and 9 
(after Duvall and Atchison’) can be used to calculate 
the powder and drillholes needed in a crater drift 
round. Livingston and his students were the first to 
use crater data for drift-round calculations. The 
method of presenting scaled crater data as shown in 
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Fig. 8—Crater data for sandstone obtained by 
Duvall and Atchison.’ 
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Fig. 9—Crater data for sandstone obtained by 
Duvall and Atchison.’ 


Figs. 7 through 9 lends itself exceedingly well to 
crater-round calculations. The principle of designing 
the most economical drift round from the stand- 
point of the weight of explosives used would be to 
design the round so that the crater from each shot 
would have a maximum volume for the amount of 
explosive used in the drillhole. This is from the 
users’ point of view and not the explosive manu- 
facturers. In the economical design of a drill round 
the total length of the drillholes must be taken into 
consideration. However, to simplify the calculations, 
the total length of the drillholes will not be con- 
sidered in the following example. 

The scaled charge depth to obtain a crater with a 
maximum volume taken from Fig. 9 is 1.8. The 
scaled-charge depth is constant if the rock is not 
changed. With the scaled-charge depth, the most 
efficient weight of explosive charge can be cal- 
culated if the depth of the charge is known. The re- 
lationship between the weight of the charge and the 
depth of the charge can be expressed by Eq. 2: 


1D) 3 
We 


where W, is the efficient charge weight in pounds 
and D is the depth of charge in feet. A drift round 
can be designed so that the major portion of the 
round consists of a system of craters. Fig. 10 
shows a front view, a longitudinal section, and a 
horizontal section of a round designed with the data 
from Figs. 7 through 9. The design of the round is 
valid only for use in the sandstone where the data 
was collected or in a rock which has the same 
cratering characteristics. 

An initial crater radius of 2 ft was desired, so 
the following calculations were made: Vp / W is the 
maximum value for the most efficient use of the 
explosive. From Fig. 9 


[2] 


W 19.5 
Ry = 2 


294 


where V, is the volume of the crater, W is the 
charge weight, and R, is the radius of the crater. 
From Fig. 7 


= 

3.4 0.6 lb 


where 7 is the cube root of the charge weight. 
From Fig. 8 


Dp 
Dy = 1.8 (0.6) = 1.1 ft. 


= 1.8 


where D is the depth to the center of gravity of the 
charge and Dy, is the depth of the crater. 

A minimum crater depth of 2 ft was desired for 
practical reasons; therefore, the crater with a 
maximum volume had to be sacrificed. Calculations 
then were made so that a crater with a depth of 2 ft 
and with a minimum radius of 2 ft could be obtained 
with a minimum weight of powder. 

For a 2-ft crater depth, the following relationships 
were found: 


—= = maximum value 


and the weight of the explosive charge is a minimum. 
From Fig. 8 


D 

Dy 

2 

Y 

= 1:3 1b 

D 
From Fig. 7 

R 

eed = 

Ry = 3.2 (1.1) = 3.5 ft 


The foregoing solution satisfies the conditions for 
a minimum weight of powder to form a crater which 
has a depth of 2 ft and a radius of over 2 ft. With the 
data obtained, a simplified crater round can be de- 
signed. Fig. 10 shows a crater round designed to 
pull 6 ft in a 6X8-ft heading. The round was de- 
signed with craters formed by 1.3 lb of powder. 
The center of gravity of the explosive charge should 
be placed 1.8 ft below the free face. 

Craters 1 and 2 should be blasted first, then 3, 4, 
and 5. This would pull a 3-ft deep section of the 
face. The same sequence should be used to blast the 


A' 


VERTICAL FACE OF HEADING SHOWING CRATER 
OUTLINES 6 FT. IN FROM THE DRILLING FACE 


next 3 ft with holes 6 to 13 inclusive. If 1.3 lb of 
powder can be tamped into 18 in. of drillhole, holes 
1 to 13 inclusive should be 7 in. deeper than the de- 
sired crater bottom. 

Holes 14 to 25 inclusive should be 6 ft long and are 
used to straighten up the sides of the craters and 
smooth the back, sides, and floor of the heading. The 
charges in these holes must be determined by ex- 
perience without the help of crater data. For the 
most economical use of the powder, spacers should 
be used in holes 14 to 25. Calculations indicate that 
the round could be broken with 32 lb of explosive and 
120 ft of drillholes. 

The theoretical minimum amount of powder needed 
to break the round was calculated with Eq. 3. The 
calculation was based on the assumption that it was 
possible to fire the round so that a crater with a 
maximum volume could be obtained with each 
charge. 


k= 9 
19.5 3 
W [ ] 


Where V is the volume of rock excavated and equals 
6x8x6 ft, which equals 288 ft * sub. V = V, 


_ 288 _ 
W= ign 14.8 lb of powder 


The round designed in this paper has not been 
presented as the best round for use in the sand- 
stone tested but only to serve as an example of how 
crater information can be used. 

Providing there is sufficient room for the broken 


SCALE 


LONGITUDINAL SECTION A-A' 


13 


B B’ 


HORIZONTAL SECTION B-B' 


Fix. 10—Crater round for a 6x8 ft sandstone head- 
ing. The total weight of the explosive was 32 1b and 
the drillhole footage was 120. The numbers in the 
diagrams indicate the order in which the crater 
should be fired. The solid lines represent the 
heading after the different holes have been shot. 


rock, there is theoretically no depth limitation for a 
crater round. In practice, the ratio of the total 
length of drillholes necessary to the volume of ma- 
terial broken increases to a point where it is not 
economical to increase the length of the round. 
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While crater rounds have apparently been little 
used in the U.S., Hino® reports that the round has 
been used with a reduction of the number of drill- 
holes, a reduction of the weight of the charge, and 
an increase in the depth of the round. 


RECENT EXPERIMENTS 


After the presentation of this paper in February 
1959, it was found possible in one rock type, in 
Cananea, to pull a 15 1/2-ft crater round in a 6x8-ft 
drift. The round was blasted with 55 holes. Later 
experiments showed that it should be possible to pull 
the same depth round with 20 holes instead of 55 
holes. The decrease in the number of holes was 
made possible after it was found that the sympa- 
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thetic detonation of separate charges in a drillhole 
could be stopped with a reasonable amount of sand 
stemming. 
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BLASTING THEORIES AND SEISMIC WAVES. PART IL.: 


SEISMIC WAVE FROM PLASTER AND 
DRILLHOLE EXPLOSIVE CHARGES 


The seismic wave produced by an explosive is very important in blasting. A 
true understanding of the wave is only important when considering possible 
structural damage to buildings located near the blast, but it is also of pri- 
mary importance when considering rock fragmentation. 

Because of the importance of the seismic wave to fragmentation, a funda- 
mental study of the seismic wave and its effect was made at the Cananea Con- 
solidated Copper Co.’s mine at Cananea, Sonora, Mexico. Strain gages were 
used to measure the strain in the rock when nearby explosive charges were 
detonated. The variance in the circuit voltage caused by changes in the re- 
sistance of the strain gage was measured with an oscilloscope and recorded 


with a Polaroid camera. 


CONFINED DRILLHOLE CHARGES 


T° record the seismic wave from a confined drill- 
hole explosive charge, a gage was cemented to 
the bottom of a 4-in diam drillhole. The horizontal 
gage hole and nine horizontal charge holes were 
drilled perpendicular to the center line of the 2-39 
drift and 4 ft above the floor. The gage hole was 29 
in. deep, and the charge holes were drilled so that 
each bottomed 1 in. deeper than the gage hole. The 
gage was installed with its axis horizontal and paral- 
lel to the 2-39 drift. The charge holes had the fol- 
lowing horizontal distances from the gage: hole 3, 
3 ft; hole 4, 4 ft; hole 5, 5 ft; hole 9, 9 ft; hole 10, 
10 ft; hole 14, 14 ft; and hole 15, 15 ft. 

Figs. 1 and 2 show the relationships of the gage 
and the charge holes. Charges of 80 pct special gel- 
atin, which weighed 50, 100, and 150 g were ex- 
ploded in the charge holes and the seismic waves 
were recorded. All charges were stemmed with 200 
g of mud and detonated with an electric blasting cap. 

Fig. 3 shows the recorded seismic waves. The 
reflected components of the waves were too weak 
to be objectional on these records. Table I shows 
the data taken from the wave forms. The approxi- 
mate average velocity of a wave with a 9-ft travel 
distance was 12,900 fps. 

Since different charge weights were used, it was 
necessary to scale the data. The scaled maximum 


A. W. RUFF, formerly Assitant Mine Superintendent, 
Cananea Consolidated Copper Co., is General Superintendent- 
Mining, Orinoco Mining Co., Puerto Ordaz, Venezuela. 

TP 59AU109. Manuscript, Mar. 16,1959. San Francisco 
Meeting, February 1959. Discussion of this paper, submitted 
in duplicate prior to July 1, 1962, will appear in AIME Trans- 
actions (Mining), 1962, vol. 223. 


by Arthur W. Ruff 


compression-strain data and the scaled maximum 
tension-strain data are shown in Figs. 4 and 5, re- 
spectively. Figs. 6 and 7 show the strain-distance 
data from Figs. 4 and 5 converted to a 1-lb charge. 

The results showed that the wave consisted of an 
initial compression pulse followed by a tension 
pulse. The amplitude of the tension pulse approached 
the amplitude of the compression pulse as the dis- 
tance between the gage and the shot increased. 

The decay rate of the seismic wave is very im- 
portant in the evaluation of the blasting character- 
istics of a rock. When high-amplitude stresses are 
produced, as in rock fragmentation, the rate of de- 
cay is much more rapid than when small amplitude 
stresses are produced. In underground mine blast- 
ing, the burdens are usually not greater than 6 ft 
and the decay is very rapid. The rapid seismic- 
wave decay rate in the fragmentation range means 
that in practice, if the minimum weight of powder 
is used to break a specified burden, only a very 
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a 
ee Scale: | to 120 


Fig. 1—Isometric view showing the relationship of 
gage and charge holes. 
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Fig. 2—Relationships of gage and charge holes. The 


lead wire from the gage is shown on the far left. A 
loading stick extends from each charge hole. 


small increase in the burden will cause the ampli- 
tude of the seismic wave to decrease sufficiently so 
that the burden will not break. 


UNCONFINED CHARGES 


To afford a comparison between the wave from a 
confined drillhole charge and an unconfined charge, 
a gage was located where it would record the initial 
wave from a plaster charge. 

Figs. 8 and 9 show the locations of the charges 
and the gage. The gage was cemented to the bottom 
of a 4-in. diam drillhole with the axis of the gage 
horizontal and in line with the plaster charge. 

Fig. 10 shows the recorded strain-wave forms 
from charges of 40, 60, and 80 pct powder. Table II 


6.8 
Tension 
Compression 
68 t 


6.8 


Tension 


Compression 


68 


Tension 


Compression 


6.8 


Table I. Data from Confined Drillhole Charges of 80 Pct Powder 


Dt CMt¢ Wit 
0.40 0.60 2.0 2.0 15 150 
0.38 0.22 3.4 2.4 14 150 
0.40 0.62 Lo 10.2 10 100 
0.32 0.36 Fok 8.6 10 100 
0.36 0.50 6.8 6.8 10 100 
0.36 0.50 Tal 8.5 10 100 Average 
0.48 0.50 10.2 6.8 9 100 
0.40 0.56 8.5 6.8 5 50 
0.30 0.62 13.6 8.5 5 50 
0.36 0.60 5 50 Average 
0.56 0.46 1535 6.8 4 50 
0.48 0.40 14.6 sail 4 50 
0.52 0.44 15.0 6.0 4 50 Average 
0.42 0.28 20.4 10.2 3 50 


*C: Compression-pulse duration, milliseconds. 

tT: Tension-pulse duration, milliseconds. 

+CM: Compression-strain maximum, microinches per in. 
§TM: Tension-strain maximum, microinches per in. 
**D: Gage to charge distance, feet. 
ttW: Weight of the charge, grams. 


shows the data obtained from the seismic records. 
The seismic wave from a plaster charge consisted 
of a large compression pulse followed by a wave 
train of much smaller tension and compression 
pulses. Only the initial compression pulses of the 
waves have been analyzed. 

Figs. 11 and 12 show graphs of the compression- 


68 


Fig. 3—Recorded seismic waves from confined drillhole charges. The diagrams, from left to right (and 
vertically for the third, fifth, and sixth columns) are: seismic wave from 150 g at 15 ft, seismic wave from 
150 g at 14 ft, seismic wave from 100 g at 10 ft, seismic wave from 100 g at 9 ft, seismic wave from 50 g 
at 5 ft, seismic wave from 50 g at 4 ft, and seismic wave from 50 § at 3 ft. Horizontal scale: one square 
equals 2 m-sec; vertical: one square equals 6.8 in. per in. 
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Fig. 4—Scaled maximum compression-strain values 
from confined drillhole charges of 80 pct powder. 


pulse durations. The results show that after the in- 
itial compression-pulse duration was about 0.38 m- 
sec, the pulse duration increased very slowly with 
an increase in the weight of the charge. If the ve- 
locity of detonation or strength of the explosive af- 
fected the pulse duration, the effect was smaller 
than the error in recording the strains. Although 
not investigated in the 0 to 50 g region, the pulse 
duration may have reached the 0.38 m-sec plateau 
value with the smallest weight of explosive which 
could be detonated. This suggests that the initial 
plateau value is essentially a property of the rock. 
Figs. 13 and 14 show the maximum compression- 
strain values obtained with Primacord detonation 
and with blasting-cap detonation, respectively. No 
consistent difference was noted between the seismic 
wave from a charge detonated with a blasting cap 
and the seismic wave from a similar charge deto- 
nated with Primacord. The data indicate that the 80 
pet powder had the highest compression-strain max- 
imum. But, both the 60 and 80 pct powders had ap- 
proximately the same linear increase as the weight 
of the charge was increased. Fig. 15 shows a curve 
of the scaled maximum compression-strain values 


Fig. 6—Maximum com- 
COMPRESSION \ . 
STRAIN 20; pression-strain values 
for a 1-lb confined drill- 
hole charge of 80 pct 
powder. 
5 16 20 25 30 
DISTANCE - FT 
Fig. 7—Maximum tension- 
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STRAIN 5 
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strain values for a 1-lb 
confined drillhole charge 
of 80 pct powder. 
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Fig. 5—Scaled maximum tension-strain values from 
confined drillhole charges of 80 pct powder. 


for unconfined plaster charges of 60 pct powder 
which were detonated with an electric blasting cap. 
Fig. 16 shows the data from Fig. 15 converted to a 
1-lb charge. 


Table Il. Seismic-Wave Values from Plaster Charges of 50 to 
200 G of 40, 60, and 80 Pct Powder 


P* Wy Ci CM§ 

40 50 0.36 92.4 

60 50 0.49 85.8 

60 50 0.40 82.5 

60 50 0.45 84.2 Average 
60 50 0.40 92.4 # 

80 50 0.38 95.7 

80 50 0.41 118.8 

80 50 0.40 107.3 Average 
80 50 0.30 108.9 # 

40 100 0.56 165.0 

60 100 0.53 214.5 

60 100 0.51 184.8 

60 100 0.52 199.7 Average 
60 100 0.38 198.0 # 

80 100 0.60 224.4 

80 100 0.36 280.5 # 

60 150 0.43 297.0 

60 150 0.36 330.0 

60 150 0.40 SHS}. Average 
60 150 0.52 316.8 # 

80 150 0.52 346.5 

80 150 0.30 359.7 

80 150 0.41 353.1 Average 
80 150 0.50 396.0 # 

60 200 0.44 432.3 

60 200 0.60 448.8 # 

80 200 0.51 349.8 

80 200 0.40 445.5 # 


*P: Pct powder. 

tW: Weight in grams. 

$C: Compression-pulse duration, milliseconds. 

§CM: Compression-strain maximum, microinches per inch. 

#Indicates’ that the charges were detonated with electric blasting 
caps. The other charges were detonated with Primacord. 


299 


: 
| | 
| 
|_| 


2-39 Drift” ~ 


/ 


/ 


Fig. 9—Photograph shows the lead wire to the strain 


gage and also a loading stick where the plasters were 
placed. 


Scale: | to 120 


Fig. 8—Isometric view showing relationship of plas- 
ter charge to gage. 
COMES SEISMICOWAVE pulse from an unconfined plaster charge. 
FROM A CONFINED AND AN : 5 
UNCONFINED CHARGE Since two different gage placements were used to 
obtain the data from the confined and unconfined 
The initial tension pulse from a confined drillhole charges, a true comparison of the seismic waves 


charge was not as erratic in form as the tension cannot be made. However, from the results obtained 
40% Special Gelatin 60 % Amogel 80 % Special Gelatin 

POWDER / / 

Cc 

100 GMS OF AX 
POWDER 


150 GMS OF 0 MA AL 


200 GMS OF IN 


POWDER 
Cc 


Fig. 10—Seismic waves from a plaster charge. T is tension strain and C is compression strain 


Horizontal 
scale; one square equals 1 m-sec; vertical: one square equals 165 pin. per in, 
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Fig. 11—Compression-pulse duration, Primacord 
detonation. 


it appears that the seismic-wave compression pulse 
is essentially the same as that from a confined 
charge. The compression pulse duration appears 
the same for both charges. The amplitude of the 
wave from a confined drillhole charge appears to 
be higher than that from an unconfined charge. 

To allow a direct comparison between the seismic 
wave from a plaster and a confined charge it is 
planned, in future work, to use the same gage loca- 
tion and installation to record the seismic wave 
from both charges. 


PLASTER-CHARGE ECONOMICS 


The results from the tests with the unconfined 
charges show that, with the charge weights used, the 
amplitude of the initial compression pulse increased 
in almost direct proportion to the weight of the 
charge and also varied with the characteristics of 
the explosives. For example, when the amplitude of 
the initial compression pulse produced by 50 g of 
60 pct powder was considered to be a standard of 
100 pct, the amplitude of the compression pulse from 
50 g of 80 pct powder was 147 pct. However, the 
percentage difference between the strain amplitudes 
of the powders was not constant, since the strain 
amplitudes of the compression pulses from the dif- 
ferent powders increased in approximately the 
same manner. When 200-g charges were compared, 
the 80 pct powder had a value of only 110 pct in- 
stead of 147 pct as when the 50-g charges were com- 
pared. Therefore, it appears that if larger charges 
are compared, the percentage difference between 
the compression-strain amplitudes of these two pow- 
ders will gradually approach zero. 

Unless the compression-strain amplitudes change 
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Fig. 13—Compression maximum, Primacord deto- 
nation. 
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Fig. 12—Compression-pulse duration, cap detonation. 


radically when larger charges are used, the damage 
from plaster charges normally used in mining 
should be practically the same for the 60 and 80 pct 
powders in the rock tested. 

It is the author’s opinion that in the past too much 
importance has been placed on using a high-velocity 
powder for plaster shooting. While a powder with 
suitable characteristics may produce maximum dam- 
age, a small increase in the weight of the charge of 
another type explosive can produce the same dam- 
age with perhaps a considerable saving in the cost 
of the explosive. 


PRACTICAL USE OF SEISMIC-WAVE DATA 


While any basic investigation is of benefit to man- 
kind in general, a practical application of the re- 
sults of the investigation is of particular interest to 
the men in industry. One of the most practical ap- 
plications of seismic-wave data would be to be able 
to use the data to predict the correct type of powder, 
drillhole spacing, diameter, and burden. In order to 
show how an approach can be made to realize this 
goal, the following assumptions will be made: 1) air- 
rock free-face boundary, 2) one free face, and 3) 
fragmentation is determined principally by the 
strain in the rock. 

To determine the most economical type of pow- 
der, the following method is suggested: 1) deter- 
mine, by the use of seismic tests, the weight of pow- 
der B which will produce the same strain effect as 
a specified weight of powder A; and 2) determine 
the cost of drilling, loading, and blasting per ton of 
rock broken with powders A and B. 

While notation 2 is obvious, it was included to in- 
dicate that a different charge weight may produce 
an effect for which compensation can be made by 
changing the drillhole diameter or burden. 
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Fig. 14—Compression maximum, cap detonation. 
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Fig. 15—Scaled maximum compression-strain values 
from unconfined plaster charges of 60 pct powder. 


A complete analysis of the seismic wave and its 
effect on fragmentation is not possible, at present. 
But a discussion of the practical application of 
seismic-wave data may aid investigators to pro- 
gress toward a goal which will be of immediate ben- 
efit to mine operators. Duvall and Atchison! have 
shown some of the principal relations between seis- 
mic-wave data and craters obtained with explosive 
charges. 

It may be found that a method similar to the fol- 
lowing will provide a practical way to evaluate seis- 
mic-wave data so the most economical powder, bur- 
den, and drillhole diameter can be calculated. 
Proposed Method to Determine the Most Economical 
Crater Charge: 1) determine the static tensile 
strain necessary to fracture a sample of the rock, 
2) record seismic waves at the blasting site and 
construct a seismic-wave decay curve of the fall 
strain for different types of powder, and 3) find the 
scaled distance where twice the static tensile break- 
ing strain of the rock is obtained. The scaled dis- 
tance divided by X is equal to the scaled burden. 
The calculated burden will equal the crater depth 
when X = 2. When X = 2 there will be a full crater 
and large fragments. When X < 2, as the value of 
X is increased, better fragmentation is obtained. 

4) The cost of drilling different diameter holes and 
also the cost of the different powders must be 
found. 5) Finally, construct a graph, for each pow- 
der tested, of the cost per ton of rock broken as the 
cost varies with the burden. The drillhole diameter 
is determined by the volume of the charge. 


Fig. 17 shows a hypothetical graph of the type de- 
sired. The proposed method was outlined not as a 
proved method, but only as a guide toward a practi- 
cal application of some of the more theoretical data. 
If the seismic-wave data obtained by Duvall and 
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Fig. 16—Maximum compression-strain values for a 
1-lb unconfined charge of 60 pct powder. 


Atchison! are used to calculate the burden as out- 
lined in notation 3 when n = 2, there is very close 
agreement between the experimental charge depths 
and the calculated charge depths (burden). The pro- 
posed method appears to be of practical use, al- 
though it cannot be entirely verified by theoretical 
deductions. 

At the present time the method described can 
probably be used with a spherical charge. But, the 
method cannot be used in exactly the same manner 
with a linear charge because the scaling effect for 
a linear charge is not known. For example, it is evi- 
dent in mine blasting that a long charge will break 
a greater burden than a smaller short charge. This 
effect can be seen in drift rounds where two sticks 
of powder in a 6-ft drillhole will not break a 3-ft 
burden but if the hole is loaded with six sticks the 
3-ft burden is broken for the entire length of the 
hole. 

The linear scaling factor will have to compensate 
for the fact that as the length of the charge is in- 
creased a greater amount of burden can be broken 
until a length of charge is reached where the amount 
of burden which can be broken remains constant. 

Andersen? suggested using Eq. 1 to calculate 
blasting burdens: 


TYPE A POWDER 


BURDEN - FT 
ae VALUES OF THE FACTORS CONTRIBUTING TO 


THE MOST ECONOMICAL BLASTING, 


COST PER TON OF ROCK BROKEN 
(CENTS) 


Fig. 17—Hypothetical graph to determine the most 
economical crater charge. 
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where B is burden in feet, d is the diameter of the 
hole in inches, and L is the length of the hole in feet. 
While this equation can be used to obtain some idea 
of the correct burden, it does not take into consid- 
eration one of the most important factors — the rock 
character. 

Eq. 1 does have incorporated in it a linear-charge 
scaling factor. But, because of the wide variance in 
the data from which the equation was obtained, the 
scaling factor does not have sufficient accuracy to 
be used with seismic-wave data. 

The exact effects caused by changes in hole spac- 
ings and blasting delay intervals afe not known, and 
they make an evaluation of sequence firing much 
more involved. However, blasting investigators are 
now on the verge of obtaining sufficient data and 
knowledge to allow a scientific analysis of blast- 
ing problems. If the practical operating men and 
also the scientists investigating blasting problems 
will cooperate and try to understand the problems 
encountered by each one, a complete scientific so- 
lution to the mineral industry’s blasting problems 
will soon become a reality. 
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DENISON MINE OPERATION AT ELLIOT LAKE 


The method of mining the uranium orebody at Denison mine in the Elliot 
Lake district of Ontario is discussed. Details of the development of haulage- 
ways and rooms are given, as well as methods of ore haulage. The milling 
and beneficiation stages are noted briefly. 


fie! in the Elliot Lake mining district of Can- 
ada, the Denison mine lies between Sudbury to the 
east and Sault Ste. Marie to the west, Fig. 1. This 
area is overlain by Huronian sediments filling a 
basin in the Keewatin basement complex. Subse- 
quent folding of these sediments developed a syn- 
clinal structure, known locally as the Quirke Lake 
Trough, which forms the northern portion of the now 
famous big Z structure, the geological trademark of 
this region. Plunging to the west and extending nine 
miles from the granite outcropping in the north to 
the Keewatin lava contact to the south, the syncline 
has dips of 10° to 45° on the north limb and 10° to 
20° on the south limb, Fig. 2. 

The Denison orebody, located on the north limb of 
the syncline, lies between 800 and 3000 ft below the 
surface. The main ore zone is within 50 ft of the 
Mississagi-Keewatin contact (see Fig. 3), and it var- 
ies in thickness from 6 to 32 ft. This ore zone has 
a composite dip of 19° to the south and is composed 
primarily of two pyritized conglomerate beds sepa- 
rated by a band of pebbly quartzite stratum. The up- 
per conglomerate bed of the main zone varies from 
2 to 15 ft in thickness, while the lower conglomerate 
varies from 2 to 12 ft. Over extended areas, mining 
is carried out over the entire section comprising 
the two conglomerate layers and intercalated quartz- 
ite; in other areas, the conglomerates are selec- 
tively mined, depending on the thickness of the quartz- 
ite. 

The ore zone contains approximately 6 pct sulfides 
and 80 pct silica. The predominant uranium -bearing 
minerals are brannerite, uraninite, and an unidenti- 
fied mineral (probably thucolite). Some of the uneco- 
nomic metallic minerals identified to date are pyrite, 
pyrrhotite, and chalcopyrite. 


MINE LAYOUT 


Shafts: Underground exploration and development (Fig. 
4) were performed through two shafts 1/2 mile apart. 
The No. 1 shaft, sunk to a depth of 1856 ft with the 
main station established at the 1600-ft ore level, is 

a 250-sq ft, 5-compartment shaft capable of handling 


J. KOSTUIK is General Manager, and M. J. DE BASTIANI 
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4500 tpd. Two 5x5-1/2-ft compartments serviced 
by a 12-ft diam double-drum hoist, are used for 
hoisting 190-cu-ft bottom-dump skips in balance. A 
30-man cage, offset by a counterbalance, operates 
within a 5-1/211-1/2 -ft compartment. The fifth 
compartment is used as a manway, pipe, and cable- 
way. This shaft is also provided with an intermedi- 
ate pumping station used during the initial mining 
phase as well as loading-pocket and spill-pocket in- 
stallations and pumping facilities. 

The 480-sq ft No. 2 shaft, located down-dip from 
No. 1 shaft, has a 2776-ft depth. Serving as the main 
hoisting shaft with a maximum capacity of 9000 tpd, 
it has eight compartments, four of which are used 
for hoisting ore in 10-ton capacity bottom-dump 
skips. These four compartments, measuring 5x6-ft 
in section, are serviced by two 12-ft diam double- 
drum semi-automatic hoists. A 50-man cage is op- 
erated in a 15x8-ft compartment, and it is counter- 
balanced by a 12-ton weight. Two compartments are 
used for ventilation, manway, electric cables, and 
pipes. 

A station was constructed at the 1325-ft horizon 
of the No. 2 shaft for relay pumping. The main sta- 
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Fig. 1—Denison mine lies between Sudbury to the 
east and Sault Ste. Marie to the west in the Elliot 
Lake, Ont., mining district of Canada. 
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Fig. 2—Location of Denison Mines Ltd. relative to ore zones of other properties. 


tion is located at the 2465-ft horizon, and the ore- 
pass control station was excavated 168 ft below the 
main station. The ore-pass station controls the ore 
from the two passes and feeds a four-chute loading- 
pocket. A spill-pocket is located at the bottom of 
the shaft in the skip hoisting compartments; it has a 
chute arrangement to pull the spill directly into a 
car on the cage. A U-shaped excavated area off the 
shaft bottom acts as a sump and is provided with 
settling and clear water compartments as shown in 
Fig. 5. 

Main Air and Service Ways: A 5-entry system in the 
ore horizon was planned to interconnect the two 
shafts. The 22x10-ft openings are designed for serv- 
ice and ventilation, the three center entries being 


used as fresh airways and the two flanking openings 
controlling the vitiated air. 

Main Conveyorways: The use of a conveyor system 
(Fig. 6) for hauling ore from the working areas al- 
lows the company to explore and develop within the 
orebody. Conveyorways are kept in the ore zone 
within specific limits; less than 0.5 pct of excavation 
is performed in waste rock. Where excessive dips 
are encountered over extended areas, a footwall con- 
veyorway is cut in the waste rock. The size of the 
conveyorways has evolved from 25-ft widths by the 
height of the ore zone to the present measurements 
of 8x14 ft in ore and 8x12 ft in waste rock. 
Trackless Haulageways: Haulageways are driven 
normal to the conveyorways at intervals of 250 to 


Aerial view of Denison 
Mines Ltd. property show- 
ing the concentrator (left) 
and the No. 2 shaft (center), 
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Fig. 3—Geological section through Nos. 1 and 2 shafts at Denison. 
280 ft. Measuring 22-ft wide by the height of the ore Production Panels: The strip of ore located between 


zone, they are used by electric shuttle cars, diesel two haulageways is known as a production panel. A 
trucks, and in some instances, by feeder conveyors. self-contained panel consists of the haulageway (also 
The mining layout features a system in which con- used as an airway) and rooms of varying width driven 
veyor hauling can be adapted to all headings which up-dip from this haulageway. The room-and-pillar 
have been driven as trackless haulageways, whether layout is designed to permit 67 pct total extraction 
or not on strike. of the panel. Twin headings are driven only when de- 


Fig. 4—Mine layout, show- 
ing progress 1956-1959. 
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Fig. 5—Plan of shaft bottom, No. 2 shaft. 


velopment is spearheaded for a special purpose and 
the strike advance makes normal pilot breakthroughs 
impossible. 

A total of 12 to 15 panels in different phases of de- 
velopment and mining sequence is required to main- 
tain production at existing capacity. In addition, an 
advance of 1000 ft per month in an average height of 
12 ft of ore is required to maintain the developed re- 
serves. Each foot of panel advance develops 90 to 
450 tons of ore, depending on the thickness of the ore 
zone. Strike haulages in the thinner ore areas are 
driven at a much greater pace to keep the ration of 
up-dip ore in balance. 


MINING METHODS 


Approximately 83 pct of the ore is produced by 
airleg, slusher hoist, and scraper mining while the 


Mobile ramp slushing at Denison. 
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Fig. 6—Section of standard conveyor panel—100-ft 
open-face stopes. 


remainder is derived from drillmobile-scoopmobile 
operations. Though the ore may be broken and loaded 
by two different methods, the hauling from these op- 
erations is accomplished by either electric shuttle 
cars, diesel trucks, conveyors, or by a combination 
of rubber-tired vehicles and conveyors. 

The basic plan of development in the orebody is to 
drive the main artery, usually a conveyorway, and to 
erect the conveyor as soon as one panel length has 
been reached, overpass facilities have been provided, 
and haulageways and conveyorway faces have ad- 
vanced 30 ft beyond the loading points of the con- 
veyor. Following the extension of the conveyorway, 

a loading chute is provided for the haulage road and 
a scraper chute is installed at the end of the belt to 
permit direct loading of the broken ore from the ad- 
vancing artery. Haulage roads on either side of the 
conveyor are then advanced approximately 200 ft by 
scraping broken ore directly onto the belt. By the 
time the limit of economic scraping has been reached, 
the access is available either to allow the use of 
trackless haulage equipment or to install feeder con- 
veyor belts. 

The mining operation features hanging wall con- 
trol on either the upper or the lower reef of the con- 
glomerate section. When the thickness of the inter- 
calated quartzite is such that it does not unduly 
lower the grade, the reefs are mined together. Hang- 
ing wall control is of major importance in respect 
to safety and dilution because 1 sq ft of roof is ex- 
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Fig. 7—Standard strike development. 


posed with every ton of ore mined. With today’s 
trend being definitely toward selective extraction, 
careful training and supervision of crews installing 
roof supports are producing favorable results in re- 
lation to back and dilution control. 

Airleg and Scraper Operations: This method of min- 
ing is applicable to any phase and section of the mine, 
being equally adaptable to strike drives as it is to 
room-and-pillar mining. The normal procedure, de- 
pending on size of heading, consists of driving an 8x 
8-ft pilot drift which is followed in turn by slashing 
to proper width and benching to the required height 
(see Fig. 7). Short holes are drilled from the pilot 
heading on room center lines to determine the ore 
section and the cut-off points in the hanging wall and 
footwall. 

Haulage roads are usually slashed and benched to 
22-ft widths and 12-ft heights. Room preparation 
usually is concurrent with the development of haul- 
age roads parallel to the strike of the orebody. Both 
of these operations are performed by the same crew 
which normally overcuts the room to a distance of 40 
ft up-dip. Ore from the strike drive and room devel- 
opment is loaded by scraping the material over a sta- 
tionary steel chute installed in the heading or over a 
mobile ramp. When a 50 hp slusher hoist and a 60-in. 
scraper hoe combination is used, the advance is lim- 
ited to 150-ft or increments of room-and-pillar inter- 
val so that the chute can be located adjacent to a pil- 
lar. 

As soon as the room development is completed and 
the strike ramp is moved ahead, a chute is installed 
in the center of the room with an electric hoist lo- 
cated to one side. The type of chute employed is de- 
signed for rapid erection and rugged service. The 
construction and erection costs approximate 4¢ per 
ton, and all original chutes are still in operation to- 
day. The chute is attached to a rock sill at the front 
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and suspended at the discharge end with chains and 
safety cables. A minimum height of 11 ft on the up- 
dip side of the heading is required to erect the chute 
for shuttle car and truck loading. 

The standard roadway width of 22 ft allows enough 
clearance for two haulage units, essential in single 
entry panels. Where conveyor belts have been in- 
stalled, the chute is arranged to load the belt through 
a grizzly. 

Ore thicknesses exceeding 8 ft are top-sliced and 


Dumping uranium ore on the grizzly. 
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Fig. 8—Standard conveyor panel; 100-ft open-face stopes. Extvaction: 67 pct. 


followed by benching. The bench is advanced the en- Trackless Equipment Operations: At present approx- 
tire length of the room. In areas where the ore is imately 17 pct of mine production is obtained by 
thicker than 16 ft, a series of benches 8 ft high are room-and-pillar mining using mobile equipment, 
taken in a similar manner. As mining in the room consisting of front-end loaders, working with tractor 
is completed and the chute and hoist removed, the mounted 3-boom drill-jumbos. This phase of the op- 
pillar and bench at the room entrance are removed eration is limited to those areas in which the ore 
(see Fig. 8). section exceeds 10-ft thickness with less than 10° 


View of the chute and slusher 
arrangement in one of 
Denison’s production panel 
areas. 
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Fig. 9—Typical conveyor loading station for shuttle-car haulage. 


dips. The most efficient application of this method 
is in down-dip rooms adjacent to development faces 
where both can be conveniently worked on a rotating 
basis with common equipment. 
Transportation of Ore: The 14-ton capacity shuttle 
car is designed for grades up to 34 pct. It is a 4- 
wheel steer, four-wheel drive vehicle powered by 
two 40-hp dc motors. After the two shafts were 
joined, and adequate ventilation was provided, diesel 
trucks were introduced for hauling and servicing. 
These trucks are very flexible, operate in low-ceil- 
ing areas, but are limited to about 30 pct slopes. 
Although the ability of shuttle cars and trucks to 
climb is high, their use is restricted to relatively 
flat headings with long up-and-down hauls handled 
by conveyors wherever possible. Eight conveyors of 
various lengths are presently operating underground 
to transport run-of-mine ore to the passes. Experi- 
ence has shown that ore of this type can be conveyed 
up 20° slopes. For satisfactory operations down-hill, 
10° slopes are preferred. The first conveyors in- 
stalled were of 42-in. width with solid troughing id- 
lers mounted on a rigid frame understructure. De- 
signs evolved until today 48-in. wide conveyors with 
Limberroller troughing idlers suspended on cables 
are used. Flexibility can be maintained at 180,000 
tons per month by the operation of four main con- 
veyor arteries. The rated capacity varying between 
300 and 800 tph is required to provide for intermit- 
tent surge loading. Fig. 9 illustrates a conveyor 
loading station for shuttle car haulage. 
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MILLING OPERATION 


The ore is crushed at the No. 2 shaft site by con- 
ventional three-stage practice using a jaw crusher, 
standard and short-head cone crushers. The 5/8 in. 
crushed product is then conveyed 600 ft to the 16,000- 
ton capacity fine-ore bin at the grinding plant. 

The wet-grinding is carried by open circuit rod 
milling and, until recently, by ball millinginaclosed 
circuit with duplex rake-type classifiers. The four 
ball mills have now been converted for autogenous 
grinding by bolting an 11-ft section to the existing 
shells and by providing pebble-making and feeding 
arrangements. 

The ground pulp is pumped to the leaching plant 
through 3000 ft of 10-in. steel pipe. The pulp is 35 
pet solids and travels at an approximate velocity of 
5 fps. 

In the leaching plant the slurry is first dewatered 
in two stages to 17 pct moisture and repulped in an 
acid solution. Leaching is carried out in rubber- 
lined pachucas and mechanical airlift agitators. Re- 
tention time for leaching is approximately 50 hr. 

The solution-solids separation is accomplished with 
center pier-type washing thickeners followed by con- 
ventional two-stage vacuum filtration over cloth-cov- 
ered wire-wound drums. 

The ion exchange plant is of the moving-bed type 
with a strong-base anion exchange resin as the me- 
dium. The tailings are neutralized to pH 9 before 
disposal. 
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SINKING TWO SHAFTS AT THE NEW BEATRIX MINE 


BY DRILLING 


Complete details are given of the drilling method by which two shafts were 
sunk at the new Beatrix mine of Staatsmijnen in the Netherlands. The nature 
of the rock strata in the Dutch mining district determined choice of the 
drilling rather than the freezing method. Data for each step and details of 
the equipment used are given in the illustrations. 


taatsmijnen was founded in 1902 with government 

financial backing, but it is run as a private enter- 
prise, on a commercial basis, with the normal fiscal 
obligations. 

The company now has four mines in operation with 
annual outputs amounting to 7 1/2 million tons of 
coal. In 1952 it was determined that a new mine—the 
Beatrix— would be opened. Details of the shaft- 
sinking operation are described in this paper. 


SHAFT LOCATION 


The coal-bearing carboniferous rock in the Dutch 
mining district is overlain almost completely by 
soft water-bearing strata, which at the site of the 
new shafts are about 1600 ft thick. The sinking of 
the new shafts through this soft water-bearing over- 
burden (Fig. 1) is a costly and time-consuming 
affair. 

From the two availaible sinking methods: 1) 
Poetsch’s well known freezing method or 2) the 
drilling method of Honigmann-de Vooys, the latter 
was preferred, not only because of its relative 
cheapness, under the prevailing conditions, but 
primarily because by using the drilling process, a 
special type of shaft lining of steel, concrete, and 
bitumen could be used. 

The new shafts, located 330 ft apart, have an 
inner diameter of 18 ft, 4 1/2 in. The boreholes, 
which have a diameter of 25 ft and which were 
drilled through nearly 1600 ft of overburden and 
some 100 ft of carboniferous, each contain more 
than 29,000 cu yd—by far the largest in the world. 


DRILLING METHOD 


The drilling method is based on the use of mud- 
flush—a thin mixture of clay and water—to keep 
the borehole filled during the entire drilling period 


J. M. WEEHUIZEN is Head, Shaft Sinking Dept., Staats- 
mijnen in Limburg, Treebeek, Netherlands. TP 60AU91. Man- 
uscript, Jan. 29, 1960. New York Meeting, February 1960. 
Discussion of this paper, submitted in duplicate prior to 
July 1, 1962, will appear in AIME Transactions (Mining), 
1962, vol. 223. 


by J. M. Weehuizen 


and during insertion of the lining (Fig. 2). The 
pressure of the mudflush against the borehole wall 
is greater than that of the water in the surrounding 
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Fig. 1—Geological section showing rock strata sur- 
rounding Beatrix shafts 1 and 2. 
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Fig. 2—Excess pressure in the borehole. The mud- 
flush pressure is greater than water pressure 
in the surrounding strata. 


strata, due to the higher specific weight (10 lb per 
gal) of the mudflush and its greater static head. A 
filter cake of clay is formed on the wall. The mud- 
flush must be such that this filter cake will have a 
compact texture, so that even a relatively thin film 
of it is sufficiently watertight to seal off further fil- 
tration. The thickness of the filter cake then will 
not continue to increase by further accretion and 
the borehole will maintain its proper diameter. 
Also its wall will be stabilized thoroughly during 
the long open hole time. A well conditioned mud- 
flush will also have a stabilizing effect on the clayey 
parts of the drilling formation and prevent cave-ins. 

The accurate control of the quality and the proper 
conditioning of the mud are decisive for the success 
of the drilling method. This may not seem new, 
since in 1890, Old Honigmann for the first time 
used mudflush, a method which has had wide-spread 
application in the field of oil- well drilling. In petro- 
lium technology, this application has become a highly 
scientific study. In view of the large quantities of 
mud used with shaft drilling, the Staatsmijnen engi- 
neers were limited in their choice of material to 
locally available clay and to the use of cheap chem- 
icals such as soda for the proper conditioning of the 
mudflush. 

The rotating drills and drill rods with kelly were 
driven from the drill carriage (Fig. 3). Through the 
hollow drill rods, 12 1/2-in. diam, the mudflush 
with the cuttings was transported upwards by air- 
lift and, through the swivelhead, to the settling 
tanks and hydrocyclones. 

The shafts were not drilled to their final diameter 
at one time. First a pilot hole, usually 6 1/2-ft, was 
drilled. Then increasingly larger bits were used to 
enlarge the pilot hole to its ultimate diameter. The 
bit diameters were chosen initially so that each suc- 
cessive bit cut away a ring with a horizontal area 
of 7 sq yd. This procedure was not followed strictly. 
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Fig. 3—The drilling and reaming system used 
at Beatrix. 


In soft layers, the cut usually was made twice as 
large, in hard strata it was smaller. 

Speed of rotation averaged from 1 to 4 rpm for 
the largest drills to some 8 to 16 rpm for the smal- 
ler types. The advance of the bit, depending on 
attendant conditions, varied from 1 yd to less than 
1 in. per hr. The maximum bit pressure was less 
than 15 tons, the maximum torque being 100,000 
ft-lb. 

The drills had to be changed every two or three 
days. For this purpose or when adding a new drill 
pipe, the drill carriage had to be rolled aside. The 
extraction of 50 tons of drill rods and a large 50- 
ton bit from 1700-ft depth took less than 2 hr. The 
number of bits—three of each diameter and nearly 
30 in all—was sufficient for the worn bits to be re- 
placed immediately by means of a huge crane travel- 
ing into the drilling house until it rested over the 
borehole (Fig. 4). 

Since 1890 about 30 shafts have been drilled with 
gradually improving technique. However, as shafts 
of the Beatrix size had never been drilled before, 
two quite new, modernized, large, and heavy drilling 
installations were designed by the Construction and 
Research Depts. of the Dutch State Mines and were 
manufactured almost entirely in the Netherlands. 

The new drilling houses, each some 350 short tons 
of steel, were erected in 1955, and are shown in 
Fig. 5. A 1000-hp hoisting winch and a 100-hp drill 
motor were used. However, about 75 pct of all the 
consumed energy was taken by the airlift. 
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Fig. 4—Portal crane 
with reamer bit. 


Essential emprovements of the new installation 
compared with an older installation used until re- 
cently are: 1) longer drill rods speeded up round 
trips, 2) a considerable number of spare drills, 3) 
the crane for quick drill transportation, 4) a greater 
hoisting speed for heavier loads, and 5) the special 
equipment for the automatic registration and con- 
trol of drilling (torque, bit pressure, speed of 
drilling, and rotation). 

This automatic control alone yielded a gain of 
about 15 pct in drilling efficiency, while the overall 
gain of the new installation was some 100 pct! The 
original hydraulic coupling with rotation and torque 
control was replaced recently (prior to 1960) by the 
more reliable and very satisfactory Ward- Leonard 
variable dc control. 


DRILLING SEQUENCE 


The drilling sequence for shaft No. 2 is shown on 
the left side of Fig. 6. The depth is plotted on the 
vertical axis while the drilling diameter is presented 
as a quadratic scale on the horizontal axis, so that 
the surface of each rectangle offers a measure for 
the volume of rock excavated. The small square 
represents a volume of 165 cu yd, the total surface 
29,000 cu yd. The numbers 1 to 51 show the se- 
quence of drilling of the different parts of the shaft. 

This sequence of drilling is somewhat irregular 
because only a limited number of bits were available 
and they had to be alternated between the two shafts 
due to some time-consuming technical improvements 
which proved necessary at greater depth. Conse- 
quently, at times it was necessary to proceed tem- 
porarily with a larger bit diameter in the upper part 


of the hole. 


The right-hand side of Fig. 6 shows the average 
daily performance in cubic yards in the correspond- 
ing rectangles. The performance was relatively low 
in the pilot hole but increased to a certain extent 
with growing drilling diameter. The performance in 
clay was lower than in sand, still lower in lime- 
stone and lowest in the carboniferous (partly chert). 
We believe that we have had enough experience to 
enable us to improve these figures further in any 
future shaft drilling venture. 

Drilling of the two shafts was completed in 1959; 
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Fig. 5—Diagvram of the driiling house at Beatrix 
mine. 
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the annual performance is shown in Fig. 7 (not to 
scale). The drilling operations of shaft No. 1 took 
about 1300 days; those of shaft No. 2, 1200 days. A 
combination of two cutter reamers, making a double 
cut, are shown in Fig. 8. 


DRILLING PROBLEMS 


When the pilot hole reached the hard limestone at 
a depth of 1400 ft, it appeared that the construction 
of the 6 1/2-ft roller bit, with its chisel cutters in 
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Fig. 7—Yearly drilling performance for shafts 1 
and 2 over a four-year period. 
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Fig. 10—The combination of reamers make a double 
cut in soft strata. 


Severe demands were made upon the verticality 
of these boreholes. Measurements during the drilling 
operations took place every 10 ft by lowering a heavy 
plumb weight from a point located at approximately 
90 ft above the surface level. This plumb fits 
smoothly into the drill rods. The actual deviation 
of the hole at a certain depth can then easily be 
calculated from the measured deviation of the 
plumb wire at the surface. This method was per- 
fected to a measuring accuracy of about 1 in. ata 
depth of 1700 ft (see Fig. 11). 

With increasing depth the sideways motion of the 

Fig. 9—The 6 1/2-ft pilot bit. bit increased. In addition, there often occurred 
deviations due to irregularities in the formation; 
e.g., unilateral boulders in sand or clay were en- 
countered. The deviations were corrected by at- 
taching a guiding frame onto the drill rods above 
the bit and lowering this assembly into the borehole 
(Fig. 12). The frame was braced against the bore- 
hole wall at the proper depth, so that the drill rod 
could be recentered in the hole. In this way correc- 
tion could be made very accurately. When the two 
|__ ORILLINGHOUSE _ 1700-ft-deep boreholes had been drilled to their full 
| PLUMB WIRE diameter, it appeared that the deviations along the 


the center, was too weak for the purpose—Fig. 9. 
Operations could be continued only after receiving 
a 20-in. rockbit (Fig. 10) from the U.S. The rock- 
bit was enlarged to 34-in. and gave an excellent 
performance. The speed of rotation for this bit 
was increased to 32 rpm. 
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Fig. 11—Diagram shows the measuring method used a 
to determine borehole deviation from the vertical. Fig. 12—Guiding frame used in the borehole. 
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Fig. 13—Calibrating instrument used. Principle of 
the measuring coil is shown in the lower right 
corner. 


entire length were within 2 in. from the vertical. 

During drilling operations a special calibrating 
instrument (Fig. 13) was developed to measure the 
exact diameter and shape of the borehole at any 
desired depth. This knowledge was absolutely 
necessary for placing the correcting drill-guiding 
frame precisely in its intended position. 

Exact knowledge of diameter and shape of the 
borehole also provided data for studying the bit 
performance. Oversized hole diameters and slow 
drilling speeds were always caused by irregular 
running and jumping bits. It should be mentioned 


CAVING OF BOREHOLE WALL IN SHAFT I S.M. BEATRIX 
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Fig. 15—Cvross section of shaft No. 1 shows caving 
of the borehole wall. 


316 


Fig. 14—Improved roller-type reamer. 


that these irregular bit movements were studied by 
means of an accelerometer mounted on the bits 
themselves. The results of the measurements were 
transmitted by radio to the surface. During hard 
rock drilling radial accelerations of 3.5 fps” of the 
50 tons heavy bits were registered. It is not sur- 
prising that under these conditions the bits were 
subject to heavy damage. Smooth running of the 
bits is of paramount importance. Inspired by a 
Russian example, the big roller bits were strength- 
ened with a heavy steel underframe for drilling in 
hard rock strata. This also furnished a better 
accommodation for the rolling-cutter bearings 
(See Fig 14). 

The calibrating instrument was also used to mea- 
sure the rate of increase in thickness of the filter 
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Fig. 16—Floating shaft lining and construction of 
the outer and inner steel shells. 
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Fig. 17—Details of the shaft lining. 


cake on the borehole wall. It appeared that this 
filter cake reached its maximum thickness of 6 in. 
within a few months; afterwards it showed only 
slight accretion. Therefore it did not become an 
obstacle for the future lowering of the lining. 

The calibrating instrument proved extremely use- 
ful in determining the exact location and extent of a 
caving. This once occurred at a depth of 1250 ft ina 
solid clayey layer with lignite in the wall of the 
22-ft borehole in shaft No. 1 (see Fig. 15). The cav- 
ing took place after 15 months of open hole time and 
could be measured and examined during the rest of 
the drilling process. By increasing the soda content 
of the mud and taking great care to keep the specific 
weight absolutely constant, it was possible to check 
the progress of the caving and to avoid serious diffi- 
culties. 

Hydrocyclones are needed to keep the specific 
weight of the mud constant when drilling with great 
speed in soft sandy layers (up to 500 cu yd per day). 
These are a tremendous asset for separating the 
sand cutting from the mud. 


PREPARATION OF SHAFT LINING 


An important moment arrived when the drilling in 
the first shaft (shaft No. 2) was finished and the in- 
sertion of the shaft lining was started. 

As shown in Fig. 16, the lining consisted of two 
concentric steel shells. The annular space between 
was filled with concrete. This shaft lining which was 
lowered—while floating—from the surface into the 
shaft was closed underneath by a temporary bottom 
(see Fig. 16). The successive sections of the 
lining, each 12 ft in length and made of channels 
12 and 16-in. high (partly mild steel, partly high 
tension steel), were put in place and fastended 
above the floating lining, i.e., each time an outer 
section, an inner section, and concrete. Then water 


ballast was poured into the inner shell in order to 


Fig. 18—The flexibility 
of the shaft lining re- 
sults in deformation of 
the outer steel shell 
without loss of water 
tightness. 


adjust the height of the upper side of the floating 
lining before placing the next section. In this way 
the lining finally reached the bottom of the bore- 
hole, while the annular space between lining and 
borehole wall was still filled with mudflush. The 
lower 400 ft of this ring was grouted by two in- 
jection pipes sent down to the bottom of the hole 
and then raised gradually. Their underside was 
always kept below the rising surface of the grout. 
After hardening, the grout formed a nearly water- 
tight seal between the shaft lining and carboniferous. 
The upper 1300 ft of the ring was then filled with 

a bitumen mixture. The 29,000 cu yd of mud, orig- 
inally present in the borehole, flowed out of it dur- 
ing these operations and was drained off. 

The sections of the inner shell (Fig. 17) were 
fastened with bolts, since this shell must not be 
watertight. The top and bottom channels of the 
inner sections were reversed to facilitate connec- 
tion of the sections and to serve as a bearing for 
supports of the guides to be placed later on. The 
inner wall of the inner sections was coated with a 
layer of zinc, 0.06-in. thick. The overall thickness 
of the wall (steel plus concrete) was 20 in. from the 
surface to a depth of 900 ft and 24 in. further down- 
wards, the external diameter over the whole length 


being 22 1/3 ft. 
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Fig. 19—The shaft lining is protected against shear 
by the bitumen layer. 


With previous shafts the channels of the outer 
shell as well as those of the inner shell were riveted 


together. In the new construction, however, the 
channels of the outer shell were welded together, 
and the welds made at the top of their flanges. In 
this way the outer shell became somewhat flexible, 
like a metal hose (Fig. 18). This lining was able 

to yield, if necessary, with slow strata movements 
by assuming the shape of an S-bend, while remaining 
watertight and without any change in the circular 
form of its cross section. 

To this was added the bitumen layer with its 
favorable properties. The application of this rather 
thick bitumen seal was one of the most essential 
new developments in this shaft lining operation. The 
lining stands like a chimney on its foundation in the 
underlying carboniferous and rises freely upwards 
in its surroundings of liquid bitumen. This bitumen 
layer, being as thick as 13 in., imparts to shaft 
lining and overburden a certain measure of rela- 
tive mobility. 

This is of importance in connection with strata 
movements, which frequently occur in the soft 
overburdens. The underlying mine extracts large 
quantities of water from the thick packets of sand 
in the overburden. Consequently the overburden is 
liable to shrinkage, resulting in vertical strata 
movements, responsible for the subsidence of the 
area around the shaft mouths. These vertical 
movements may now occur without subjecting the 
lining to a buckling load. 

Secondly, there occur horizontal dislocations. The 
mining produces continuous subsidence. The angle of 
break in the soft overlying strata is not known be- 
forehand and may be very flat, thus causing side- 
long dislocations. In this case the bitumen will flow 
horizontally and equalize the load. In this way the 
bitumen seal is able to stand discontinuous strata 
movements that have a horizontal component equal 
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to twice the thickness of the bitumen, without sub- 
jecting the lining to shear (Fig. 19). Limitation of 
the velocity of the strata movements is determined 
by the viscosity of the bitumen mixture, which must 
be able to yield with the strata movement. The 
viscosity must not be too low if the bitumen is to be 
kept from flowing away into the strata. By addition 
of fillers the specific gravity of the bitumen was in- 
creased to 1.3 (about 11 lb per gal). 

A quite new problem, which was solved satisfac- 
torily by company physicists, consisted in filling 
the annular space with bitumen. Calculations showed 
that it was possible to pump the hot bitumen mix- 
ture down through the 1300-ft long and 6-in. thick 
pipes, without blocking them as a result of cooling 
by contact with the cold mudflush around them 
(Fig. 20). 

Every temperature curve represented in Fig. 20 
has a point of minimum pump pressure. With smal- 
ler quantities, the bitumen solidifies along the pipe 
wall and causes a rise of the required pump pres- 
sure. This pressure rise also occurs with larger 
quantities. The method was first tested thoroughly 
in the pilot plant and afterwards was applied suc- 
cessfully in the lining of a freezing shaft (shaft No. 
7 of Auguste Victoria, Germany). 


EMPLACEMENT OF SHAFT LINING 


When placement of the shaft lining began in 1959, 
all 560 sections were ready. The greatest problem, 
however, was twofold: 

1) The 140 inner and 140 outer sections of every 
shaft had to be assembled in such an accurate way 
that the 1700-ft-long shaft lining as a whole be- 
came as Straight as possible. 

2) This lining had to be lowered into the bore- 
hole along the same length without touching the 
borehole wall, although the annular space between 
lining and borehole wall was no more than about 
14 in. 

Both problems were difficult, and after minute 
preparations this work was awaited with increasing 
tension. 

Special attention had been paid to the exact shape 
of the sections made by a Dutch contractor accord- 
ing to company design. A number of measurements 
of the deviations in size, which were of the order of 
1/10 to 2/10 in. (Fig. 21A), were worked out sta- 
tistically. The following conclusions were drawn: 

When, during lining placement, the sections are 
fastened to each other in normal sequence without 
special arrangements, there is a 200 to 1 chance 
that the 1700-ft-long shaft lining will take the form 
of a curve with a theoretical arrow smaller than 
10-in. (Fig. 21B). But if the sections are turned 
each time around their vertical axis to the most 
favorable position (Fig. 21C), the theoretical arrow 
will be less than 0.5 in. The latter procedure was 
used. 

The concrete filling between the steel shells con- 
sisted of injection concrete. This seemed the best 
and fastest way to fill the narrow space between 
inner and outer sections with concrete of a good 
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Fig. 21—Measurement and placement of the steel 
shell sections are shown diagrammetrically. A) De- 
tails of section measurement method. Length and 
deviation of each cylinder line are measured. B) 
Concentric placement of sections (inner shell). Only 
by rotation of the sections(B,, Bz, Bs, Bs, etc.) can 
(SP +S? + S42... = minimum) be obtained. 
Thus, the straight line is best approximated. CO) 
Deviation from the straight line. The theoretical 
arrow is 1) smaller than 1/2 in. if the sections are 
placed in the most favorable position and 2) smaller 
than 10 in. (a 200 to 1 chance!) if no special arrange- 
ments are made, 


and particularly homogeneous quality. A final 
strength of about 8000 psi was attained. 

This concrete has special properties: It is not 
subject to shrinkage due to its gravel skeleton, it 
fills up completely the space below the flanges, 
adheres well to the metal, and contributes to the 
strength of the whole lining. 


SEQUENCE OF LINING PLACEMENT 


Insertion of the linings into the Beatrix shafts was 
first started in shaft No. 2. The steel bottom section 
was lowered into the borehole and, while floating, 
was strengthened with 24-in. of reinforced con- 
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Fig. 22—Concreting the shaft bottom section. 


crete (Fig. 22). This bottom has to be strong enough 
to stand the hydraulic mudflush pressure of 8000 psi 
at a depth of 1700 ft. The normal sequence of oper- 
atings followed: 

The placement and welding of the outer section 
(see Fig. 23) was done first. The channels of the 
outer steel shell was electric welded—partly high 
tension steel—and special precautions were taken to 
obtain a tough weld able to stand possible shaft de- 
formations without cracking. Thirty-five miles of 
weld were made during manufacturing by turning the 
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Fig, 24—Vertical section of the Beatrix shafts, 1 
and 2, 
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SELF - PROPELLED 


DUCT TO EXHAUST 
WELDING FUMES 
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OF CONTINUOUS AUTOMATIC 
FEED REGULATED BY 
WELDING CURRENT ) 


ADJUSTABLE WELDINGHEAD (WATERCOOLED ) - 


Fig. 23—Diagram of the welding process using a 
self-propelled welding machine with a shield of 
carbon dioxide. 


sections on rollers; nearly two miles were made 
during the actual assembling in the shaft. This latter 
operation was done with the aid of three self- 
propelled welding machines. It took three men 

only 1 1/2 hr per section to make a weld of three 

to five runs. 

After the inner section was placed and bolted, the 
injection concrete was inserted between the outer 
and inner section. 

As the insertion operations with the floating lining 
advanced, the time required for a complete cycle 
(placement and welding of the outer section, place- 
ment and bolting of the inner section, and injection 
of the concrete filling) together with all the neces- 
sary measurements, could be reduced from about 
10 to 4 hr per 12-ft section. During insertion, the 
floating lining gradually became heavier, toa 
weight of 24,000 short tons; yet it could be maneu- 
vered as easily as a ship to dock. It never came 
closer than 10 in. to the borehole wall. When fin- 
ished, the 1700-ft-long lining showed a curvature of 
no more than 1 to 2 in. in either shaft. Centering 
in the middle of the borehole bottom also showed 
only a very small deviation. 

In shaft No. 2 the 140 twin sections were mounted 
in 44 days, an average of nearly 40 ft per day. In 
shaft No. 1, later in the same year, the same opera- 
tions took less than 31 days, averaging 54 ft a day. 

Neither the grouting of the annular space around 
the lining, which took three days, nor pouring of 
the bitumen- mixture, which took about ten days, 
led to any particular difficulties and were finished 
within the estimated time. Fig. 24 shows the vertical 
cross section through the completed shaft in the 
overburden. 

The bitumen, which behaves as a pure liquid, 
exercises a hydrostatic pressure equal to the prod- 
uct of depth and specific weight. The strength 
estimate for the steel-concrete shaft lining is based 
on this load. 

In the meantime, the water ballast was bailed out 
of both shafts. The next step—as part of the prepa- 
rations for removal of the temporary bottom and for 
further sinking—was to inject cement from the lower 
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Fig. 25—Preliminary cementation before the 
temporary bottom lining was removed. 


shaft part outwards into the surrounding grout seal 
and carboniferous rock (Fig. 25). 

The whole course of operations is shown in 
Fig. 26. 


CONCLUSIONS 


The method of lowering a shaft lining, while float- 
ing, is one which is particularly suited for applica- 
tion of the Beatrix-type lining (concrete with a 
double steel shell and bitumen)—preferred on tech- 
nical grounds. It is also preferable because of its 
comparatively low cost. This applies not only to 
drilling shafts, but also to freezing shafts, which 
during sinking are provided with a relatively light 
preliminary lining and then flooded prior to the in- 
sertion operations described. 

The nature of the strata is the principal factor 
involved in the choice between the freezing and 
drilling methods of shaft sinking. Usually, the drill- 
ing method is used when soft to medium-hard strata 
are encountered and diameters small. When hard 
water-bearing strata are encountered and larger 
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Fig. 26—The entire course of the shaft-sinking 
operation at Beatrix mine, shafts 1 and 2, is 
summarized in the diagram. 


diameters needed, the freezing method is prefer- 
able. However, in the long run, only comparisons 
of costs—calculated for the individual case—give 
the decisive answer to the question: which method? 
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UNDERGROUND USE OF AMMONIUM NITRATE- 


FUEL OIL EXPLOSIVES 


Experimentation with ammonium nitrate-fuel. oil mixtures at three under - 
ground salt mines revealed its excellent applications at those properties. 
The author relates the present blasting practice used at these mines by the 


International Salt Co. 


yee International Salt Company is presently per- 
forming blasting operations with a pneumatically - 
placed ammonium nitrate-fuel oil mixture at three 
rock salt mines, and plans its use in the near future 
at its new Cleveland mine. Use of ammonium nitrate 
is saving the company approximately $250,000 an- 
nually. With rapidly increasing operating expenses 
and increasing competitive pressure resulting in 
lower prices, savings such as those realized through 
the use of ammonium nitrate are vitally important. 


ORIGINAL INVESTIGATION AND 
EXPERIMENTAL ACTIVITIES 


The three mines presently involved are located at 
Detroit, Mich.; Avery Island, La.; and Retsof, N. Y. 
Initial experiments were conducted at the Detroit 
mine where a detailed investigation was carried on 
to determine the significance of the static electricity 
factor when blowing ammonium nitrate into drill 
holes in which millisecond delay electric blasting 
caps had been placed. 

Although the information developed at the Detroit 
mine was passed along to the other mines, each 
mine independently pursued its own course of inves- 


Table | 
Detroit Retsof Avery 

Drill hole diam 2%, in. 1%in. lin. 
Room size (width x height) 50 x 24 ft 65 x 9% ft 100 x 86 ft’ 
Drill holes per face 57 52 187-2277 
Tons per room advance 900 425 6600 
Approx. pct by weight dy- 4 9.7 10 

namite primer of AN 
Stemming No Yes No 
Location of dynamite primer 

in hole Bottom Collar Bottom 
Drill cuttings blown from 

drill holes No Yes No 


Commencement of AN/FO 
blasting on full-time basis October 1958 July 1960 May 1960 


*Two benches: bottom bench, 34-ft high; top bench, 52-ft high. 
Two benches: bottom bench, 187 holes; top bench, 227 holes. 


J. L. RYON, JR., is Assistant Director of Production, Inter- 
national Salt Co., Clarks Summit, Pa. TP 61Au25. St. Louis 
Meeting, February 1961. Discussion of this paper, submitted 


in duplicate prior to July 1, 1962, will appear in AIME Trans- 
actions, 1962, Vol. 223. 
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tigation. This fact, plus the differing mining con- 
ditions, resulted in slightly different operational pro- 
cedures at each mine. Some of the varying statistical 
data are shown in Table I, and data common to all 
three International Salt Company mines are shown 

in Table II. 


BLASTING PROCEDURE AT THE 
DETROIT MINE 


This mine has been using the ammonium nitrate- 
fuel oil mixture for more than two years on a full 
time production basis and represents the successful 
detonation of several hundred thousand holes. Re- 
sults have been excellent and the blasting cost has 
been reduced many times. 

The actual operation at Detroit consists of adding 
the fuel oil to the bags of ammonium nitrate by means 
of a portable fuel oil tank complete with hose, nozzle, 
and metering device. The bags of the ammonium ni- 
trate-fuel oil mixture are transported to the working 
face from the oiling area by means of a jeep- drawn 
trailer. At the face, the ammonium nitrate is placed 
on the elevating platform of a powder-loading rig 
which consists of a pneumatically-tired, large fork- 
lift truck with a fully insulated elevating platform 
constructed on the forks. 

The placement of the dynamite primer and the 
pneumatic placement of the ammonium nitrate is a 
two-man operation. First, one cartridge of the 
primer is placed in each hole on the line of holes 
which can be reached from the loading rig plat- 
form. The plastic hose is then inserted into the 
hole and pushes the primer to the back of the hole. 
The proper charge of ammonium nitrate is then 
placed in the pneumatic placement machine and, 


Table II 
Depth of drill hole 11 to 14 ft 
Advance per cut 10 ft 
Pct fuel oil to AN 6 
Blasting caps used electric millisecond delay 
Size of dynamite primer 1% x 8 in. 
cartridge 
AN placement method Pneumatic 
AN type Prilled-uncoated 
Dynamite primer High velocity gelatin 
Wt, solid rock salt 135 lb per cu ft 
Wt, graded rock salt 75 lb per cu ft 


| 
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upon signal from the operator, blown into the hole. 
Leg wires are subsequently connected and the face 
is ready for detonation. 

Numerous tests were conducted to determine the 


presence or extent of static electricity as ammonium 


nitrate was being blown into drill holes and after it 
was in place in the drill holes. Without exception, 
there has never been any measurable amount of 
static voltage found on the ammonium nitrate-fuel 
oil mixture in the drill holes in the Detroit mine. 


It was discovered early in the experimental period 


that, when detonated, the ammonium nitrate-fuel oil 


mixture in the top row of blast holes produced an ex- 


cessive shock which apparently weakened a sand 
seam about one foot above the mine roof. After a 
week or more, this weakened seam allowed the one 
foot slab, or scale, of salt roof (about three to four 
feet of salt are left on the roof for support) to sag 
and eventually fall. Obviously, this condition was 
hazardous and, therefore, some new technique had 
to be developed for shooting the top row of holes. 
The technique which has evolved consists of using 


long polyethylene tubing 1 1/4 in. in diameter by .005 


in. thick, filled with the ammonium nitrate-fuel oil 
mixture. These tubes, which are bought in rolls of 
50 ft, are cut to 4-ft lengths and filled with ammon- 
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Filling polyethylene tubes with AN at the Detroit 
mine. 


ium nitrate by using a special piece of equipment. 
Both ends of the tube are closed by stapling. In load- 
ing the top row, the primer is first placed in the 
hole; then the tube is inserted into the hole. The 
collar end of the tube is punctured to provide ex- 
pansion in the collar end of the hole by light tamping. 
No stemming is used. This procedure provides an 
air space between the 1 1/4 in.-diam tube and the 

2 1A-in. hole. This air space tends to cushion the 
shock upon detonation. The scale problem has been 
completely solved by using this procedure. As this 
polyethylene tube idea developed, there was some 
concern that the air space in the drill holes might 
give trouble in the form of incomplete detonation or 
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Placing AN-filled tubes in top holes in the Detroit 
mine, 


misfired holes. However, there has been no trouble 
of this sort encountered to date. 

At the Detroit mine the entire year’s supply of 
ammonium nitrate is purchased during the summer 
when the price hits the seasonal low. The material 
which is purchased in 50-lb polyethylene bags is 
stored in the mine at various locations. Humidity 
and temperature being almost constant, the mine 
provides excellent storage conditions, and virtually 
no caking of the ammonium nitrate occurs. 


RETSOF MINE 


In 1959, the company investigated the possibility 
of using the ammonium nitrate-fuel oil mixture un- 
derground in the Retsof mine. Ammonium nitrate 
was first placed in kraft-paper tamping bags and 
after encouraging results were obtained, a pneumatic 
placement machine was purchased and holes were 
successfully loaded on an experimental basis. Both 
U. S. Bureau of Mines and New York Department of 
Labor representatives were present for portions of 
the experiment. 

It was found that, with the smaller diameter holes 
at Retsof and their practice of collar priming, the 
amount of oxides of nitrogen could be reduced by 
blowing drill cuttings from the drill holes with an 
air hose after the entire room has been drilled. How- 
ever, Retsof is presently investigating the possibility 
of blowing the cuttings from the holes by using a drill 
auger with an air hole provided in its center. This 
would permit the blowing out of the cuttings as the 
hole is being drilled. 

Early in 1960, Retsof put into use an ammonium 
nitrate loading rig consisting of a diesel-powered 
jeep and trailer. A 60 cfm air compressor and 50-ft 
reel of air hose is mounted on the jeep, and the trail- 
er holds the pneumatic placement machine and one 
day’s supply of ammonium nitrate in bags. 

The present actual sequence of the powder -loading 
operation consists of blowing cuttings from the drill 
holes, blowing in the ammonium nitrate-fuel oil mix- 
ture, placing the primer in the hole, placing the tamp- 
ing bags in the hole, and connecting up the cap leg 
wires. A two-man crew can complete five rooms in 
one eight-hour shift. 
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Detroit mine drill rig. 


As at Detroit, all blasting is done at the end of the 
last shift (afternoon shift). After blasting, each sec- 
tion foreman measures the rooms for nitrogen di- 
oxide content. The maximum allowable concentration 
of this gas is five ppm. The readings taken are con- 
sistently well below this level. 


AVERY ISLAND MINE 


The Avery Island mine, which mines about one- 
half million tons of rock salt per year, began experi- 
menting with the use of ammonium nitrate-fuel oil 
mixtures in 1959 and started using this material for 
blasting on a full time basis in May 1960. 

Early experimentation at this location also con- 
sisted of loading holes with kraft-paper tamping 
bags filled with ammonium nitrate. Blasting was 
tried with and without stemming, but results were 
not satisfactory. However, with the knowledge of 
the successful application of ammonium nitrate 
blasting at the Detroit mine, the Avery mine pur- 
chased a pneumatic-placement machine which gave 
very satisfactory results. 

At Avery, the entries are driven in two benches. 
The first advance (or lower) bench, 34-ft high, 10-ft 
deep, and 100-ft wide, is undercut and drilled witha 
self-propelled cat-mounted multiple drill rig. The 
second bench, 52-ft high, 14-ft deep, and 100-ft wide 
is drilled with a telescoping mast rig. This benching 
practice produces a face 86-ft high and 100-ft wide. 
In the interest of efficiency, the benches are shot at 
the same time whenever possible. Obviously, this 
cannot always be done since the low roof advance is 
10 ft and the high roof advance is 14 ft. 

The drilling, loading, and shooting crew consists 
of three men. One man handles the pneumatic place- 
ment machine and charges this machine at ground 
level, and two men are located on the elevating plat- 
form of the drill rig to handle the loading hose and 
to prime the holes with dynamite. One of the men on 
the rig places the primer in the back of the hole; 
the second man handles the plastic hose for blowing 
the ammonium nitrate into the holes. He is guided 
by markings on the hose as to the amount of ammo- 
nium nitrate going into the holes. Pressures used 
vary between 25 and 40 psi, depending on the height 
of the drill hole being loaded. While the loader is 


Self-propelled telescoping masted drill vig at Avery 
Island. 


placing the ammonium nitrate in the hole, the second 
man is placing the primer in the next hole. When all 
holes have been loaded, the cap leg wires are con- 
nected and the room is ready to be shot. 

At each of the three mines, fuel oil is added to the 
ammonium nitrate in the bag. There is no mechani- 
cal mixing of the ammonium nitrate-fuel oil, but the 
polyethylene bags are allowed to stand from 24 to 48 
hours for soaking time. There has never been any 
indication of improper distribution of the fuel oil 
through the ammonium nitrate, and regular checks 
are made to determine the presence and amount 
of oxides of nitrogen. Without exception, concentra- 
tions are found to be well within allowable limits. 
Fragmentation of the salt is excellent. It is the 
opinion at each mine that, pound for pound, the am- 
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Pneumatic emplacement of AN-FO at Avery Island. 


monium nitrate-fuel oil mixture gives at least an 
equivalent performance as that of dynamite. 


SUMMARY 


The International Salt Company is presently per- 
forming its blasting operations more efficiently and 
effectively than ever before. Results at all mines 
are at least equal, and in most respects superior, to 
the blasting results obtained while using the more 
conventional materials and procedures. It is signif- 
icant to observe that, although each of the three 
mines conducted its own investigation and experi- 
mentation on this matter, each concluded that the 
use of the ammonium nitrate-fuel oil mixtures for 
blasting is more desirable than blasting accomplish- 
ed through the use of dynamite. 
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USE OF PRESSURE GROUTING TO STABILIZE 
GROUND IN THE SAN MANUEL MINE 


Most grouting has been done to stop water flow in mines and for stabilizing 
foundations of various man-made structures, a survey of the U.S. literature 
reveals. Apparently San Manuel is one of the first mines in this country to 

use grout extensively underground for strengthening and stabilizing ground 

in drifts, shafts, and stations. A comparison with other procedures as well 

as details of the San Manuel program are covered. 


tes employment of pressure grouting as a ground 
stabilizer at the San Manuel Copper Corp. mine 
reduces delays in both development and production, 
lowers costs, and makes possible safer working con- 
ditions. It specifically reduces delays in haulage op- 
erations and permits the maintenance of normal ven- 
tilation. In development work this grouting allows 
faster excavation by cementing together highly frac- 
tured or broken ground that otherwise would require 
extensive cribbing or spiling. In drift repair, it con- 
solidates the loose or fractured rock over the timber 
or steel drift supports, thus decreasing the frequency 
of repair, lessening the hazards from falling rock, 
and curtailing delays due to blockage of drifts by 
muckpiles and repair operations. 

Pressure grouting is the process of pumping an 
accurately controlled mixture of cement and water 
into loose, fractured, or porous rock. The ratio of 
water to cement varies according to the nature of 
the rock encountered, from the thinnest mixture of 
30 gal of water per sack of cement, used to fill very 
fine fissures, to very thick grout of 5 gal of water 
per sack of cement, used to fill large fissures or ex- 
tensive areas of loose, broken rock. The pumping 
pressures at San Manuel vary from about 100 to 1000 
psi, depending upon the compactness of the rock, 
while at other mines the pressures sometimes go as 
high as 5000 psi. In order to grout an area in which 
ground water is encountered, the pumping pressure 
of the grout must be increased by an amount equal 
to the pressure of the ground water. 


GROUTING IN DEVELOPMENT WORK 


The areas under development at San Manuel in- 
clude many sections of loose, highly fractured rock. 
Prior to the advent of the grouting program, drifts, 


J. W. GOSS, formerly Research Engineer, is Contract En- 
gineer, and M. J. COOLBAUGH is Research Engineer, San 
Manuel Copper Corp., San Manuel, Ariz. TP 60AU236. Man- 
uscript, Dec. 16, 1960. AIME Arizona Section Annual Meet- 
ing, December 1960. Discussion of this paper, submitted in 
duplicate prior to July 1, 1962, will appear in AIME Trans- 
actions (Mining), 1962, vol. 223. 
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shafts, and stations in these areas could not be ex- 
cavated without utilizing extensive support such as 
cribbing, spiling, and breast boarding. This slowed 
down the development work and increased the costs 
considerably over that required for excavating in 
more competent ground. Now, when a particularly 
bad area is contacted, the mining is temporarily 
stopped while the bad portion of drift or shaft is 
grouted. After the grouting is completed, the exca- 
vating is resumed with an approximate decrease of 
50 pet in lost time and costs. 

Grouting in Drifts and Turnouts: The grouting pro- 
cedures and patterns used in drifts and turnouts are 
very similar. The standard procedure for grouting 
such a turnout is shown in Fig. 1. After the ground 
is supported as well as possible with cribbing or 
lagging, the gaps between the back lagging and side 
lagging are plugged with empty cement sacks or ad- 
ditional timber, if necessary. The ground surround- 
ing the proposed turnout is then grouted in two 
stages. 

In the first stage, the broken and caved rock is 
drilled and grouted to a depth of 5 to 10 ft, depend- 
ing on the depth of the broken rock. This stage 
forms a grouted seal that allows higher pressures 
to be used at depths beyond 10 ft without developing 
excessive leaks at the face. After a grout hole is 
drilled, a 10-ft long pipe is wedged tightly into it 
with empty cement sacks. Grout is then pumped into 
the hole until the pressure reaches 200 to 300 psi, 
and the pipe is subsequently removed if it hasn’t be- 
come cemented in. No more than one hole at a time 
is drilled and grouted because the grout has a tend- 
ency to go from one hole into another, plugging up 
the latter. Five or six holes are usually adequate 
for the first 10 ft of grouting. Experience has shown 
bentonite to be a useful admixture to the grout, par- 
ticularly when it is indicated that the grout is being 
lost into large fissures or voids. Bentonite increases 
the plasticity of the grout enabling it to remain in 
place more easily until it has begun to set. 

In the second stage, the longer holes are drilled 
through the previously grouted rock, after which the 
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Fig. 1—Grouting pattern for a drift turnout. 


same grouting procedure as in the first stage is re- 
peated. The pressure is allowed to build up to ap- 
proximately 500 psi—the capacity of a single grout 
pump. If higher pressure is desired due to less 
permeable ground, two pumps are connected in se- 
ries to increase pressures to 800 to 1000 psi. In 
this latter case, however, additional preparation of 
the holes is necessary: larger diameter holes 5 to 
7 ft deep are drilled; then 2-in. diam collar pipes 
are placed in the holes and anchored with grout so 
that they won’t blow out or leak under the high pres- 
sure. The hole is then re-drilled through the pipe 
to the desired depth. The use of 800 to 1000 psi in- 
stead of 500 psi for pumping has increased pene- 
tration by about 30 pct, subsequently increasing the 
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Loose ground consolidated with grout (dark areas 
surrounding rock fragments). Pocket knife indi- 
cates size. 
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amount of cement placed from approximately 8 
sacks per hole to more than 11 sacks per hole. Af- 
ter all holes are grouted, excavating proceeds as 
usual, using reasonable care during blasting. 

The average time required to grout and excavate 
a turnout such as this is approximately 14 days 
(three shifts per day). In contrast, the average time 
expended in excavating a turnout with equally bad 
ground without resorting to grouting has been ap- 
proximately 21 days. 

Not only does grouting increase drifting rates 
through bad ground in turnouts, but it performs also 
the same function in regular drift work. As an ex- 
ample, a drift crew driving a haulage drift on the 
2075 level encountered a section of decomposed rock 
intensely fractured by fault movement. At first they 
attempted to continue mining with the use of spiling 
and cribbing, but after three days of averaging 0.21 
ft advance per manshift, they stopped to permit 
grouting of the area. After completion of the grout- 
ing, the drift crew returned and resumed excavating 
at nearly the same rate (0.82 ft per manshift) as 
that which prevailed in the previous ‘‘good’’ ground 
(0.92 ft per manshift). 

Grouting in Loading and Rotary Dump Stations: 
Pressure grouting has also been used to consolidate 
ground prior to excavation of a large shaft loading 
station (Fig. 2) and a large rotary dump station 
which are located in very bad ground. The rock in 
the shaft loading station area was very highly frac- 
tured and in loose blocks, and was yielding about 
1300 gpm of water. Grout pressure used here did 
not exceed 500 psi because the rock was so badly 
fractured that when additional pressure was used, 
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Fig. 2—Pre-excavation grout pattern for loading station on 2075 level. 


the grout returned through fissures to the shaft from 
as far as 30 or 40 ft away. In addition to consolidat- 
ing the ground, grouting effectively stopped the water 
flow into the station area. An average of 15 sacks of 
cement was pumped into each hole. Later, during the 
excavation for this station, the solidified grout was 
frequently evident in large gaping fissures and 
seams, clearly suggesting that without grouting the 
station would have been completed only through ex- 
tended delays and with serious risk of injury to the 
men. After the excavating and concreting were com- 
pleted, the walls were further stabilized and water - 
proofed by drilling through the reinforced concrete 
lining and regrouting. Similar to the earlier drilling 
pattern (Fig. 2), most of the holes were 10 ft long 
and fanned out in a series of horizontal rows six 

feet apart. 

Fig. 3 shows the drilling pattern used for the large 
rotary dump station. The rock was very soft with 
many streamers of clay and silt. The grout pipes 
were cemented in and two pumps connected in series 
to achieve the 1000-psi pressure. In this instance the 
average cement consumption was eight sacks per 
hole. No ground runs or caves were encountered dur- 
ing the excavation of this station; the grouted ground 
was firm and easy to mine. As in the shaft station, 
large fissures filled with the solidified grout were 
frequently noticeable, indicating that without this 
grout considerable overbreak would have resulted. 
The use of grouting here also resulted in a corres- 
ponding lesser amount of concrete required for 
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permanent support. 

Grouting in Raise Stations: In addition to speeding 
development in drifts and stations, grout also helps 
in the excavation of raise stations above haulage 
drifts where frequent ground movement and subse- 
quent timber repair have left a large amount of loose 
or broken rock around the drift excavation (Fig. 4). 
This surrounding area is now grouted before the ex- 
cavation begins, with the result that the raise station 
crews can drill and blast in the grouted ground with- 
out creating excessive and hazardous overbreak. 


GROUTING IN DRIFT REPAIR 


Although grouting contributes materially to devel- 
opment work at the San Manuel mine, most of the 
grouting work to date has been in drift repair where 
grouting methods were developed in order to relieve 
the problems attributable to weak, moving ground. 
The very process of caving and drawing columns of 
ore from beneath the extremely cohesive mass of 
overlying waste rock produces extreme pressures 
on the adjacent uncaved ore, causing it to compress 
and undergo plastic deformation. It responds some- 
what as clay would, maintaining its structure while 
slowly pressing into the stopes and down upon the 
haulage drifts below.* It cannot be contained above 


*For further information on the San Manuel mine see: J. F. Buchanan 
and F. H. Buchella: History and Development of the San Manuel Mine, 
AIME Transactions, 1960, vol. 217, p. 394. 
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Fig. 3—Pre-excavation grout pattern for rotary dump station on 2075 level. 
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Fig. 5—Grouting to stabilize ground in heavy, weak areas on haulage levels. 


the haulage drift for very long by either timber or 
steel supports. After the timber supports have been 
changed several times, considerable arching occurs 
in the ore above, which with further ground move- 
ment crumbles into the form of broken rock on top 
of the timber sets, making further timber repair dif- 
ficult and hazardous. At times this broken rock gets 
out of control during the process of timber repair 
and spills into the drift below, blocking the move- 
ment of ore trains and restricting ventilation. Grout- 
ing this broken material not only reduces the fre- 
quency of repair and retards ground movement, but 
also makes the repair easier and safer. 

The ground is consolidated in two 10-ft stages, 
producing 20 ft of grouted rock above the drift. In 
the first stage two 10-ft holes are drilled into the 
back of the drift through the backlagging at an angle 
of approximately 22° from the vertical, as shown in 
Fig. 5. These holes alternate every five feet along 
the drift with a single vertical 10-ft hole. In the sec- 
ond stage this grouted area is re-drilled and re- 
grouted with 20-ft holes in the same pattern, pro- 
viding the full twenty feet of grouted rock. Drilling 
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this ground with 20-ft holes in just one stage was 
tried, but the loose ground made it so difficult to 
keep these holes open long enough to get the pipe in 
that this method was discontinued. Grout is pumped 
into the hole until the ground will not take any more, 
until a leak develops, or until it is suspected that a 
large void is needlessly being filled. As before, only 
one hole at a time is drilled and grouted. Occasion - 
ally grout will not enter the rock with the pipe in- 
serted all the way into the hole; in this case the pipe 
is withdrawn 2 ft and the grout again forced into the 
hole. This process of moving the pipe out of the hole 
two feet at a time and then pumping grout continues 
until either the grout enters the broken ground or 
the pipe is completely withdrawn from the hole. As 
a rule, the grout penetrates effectively over a 5 to 
10-ft radius, producing an effective overlay of con- 
solidated rock. A two-man crew will average about 
five linear feet of drift grouted per shift. 

Grouting of the back of the drift has also been tried 
in some heavy areas where the ground exhibited plas- 
tic flowage but was not fractured or broken. Here 
grout was unable to penetrate, and, thus was not ef- 
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fective. Use of higher-pressure equipment to pene- 
trate the more compact rock is being considered. 


EQUIPMENT AND CREW 


The grouting program operates only when re- 
quired, with the number of crews usually varying 
between two and six. The crews are ordinarily 
placed on a three-shift basis so that grouting can be 
conducted continuously. Each grout crew is equipped 
with a drill jumbo, mixing tank, cement receiving 
trough, and a grout pump. All units are track- 
mounted to allow the maximum flexibility of move- 
ment underground. 

Drilling is done with 3-in. drifters on one-boom 
jumbos, using 5-ft lengths of 7/8-in. hexagonal steel 


and throw-away bits. Collar pipe holes have 2 3/8-in. 


diam; regular grouting holes have 1 7/8 to 1 1/2-in. 
diam. 

The cement, delivered on flat cars holding two 
pallets of 30 sacks each, is loaded on the pallets at 
the cement company, and is not handled by hand 
again until it is dumped into the mixing tank at the 
grout pump. Our cement consumption averages ap- 
proximately 22 sacks per crew-shift in station and 
turnout development, and approximately 63 sacks per 
crew-shift in drift repair. 

The cement is mixed in a 50-gal capacity tank 
which is fitted with a rotating agitator paddle. Com- 
pressed air supplies the power for the motor which 
drives the paddle. 

After the cement is mixed, it discharges through 
a 4-in. diam pipe into the 50-gal receiving trough or 
tank which, in turn, discharges into the grout pump. 
The trough allows continous operation by providing 
temporary storage for the grout while another batch 
is being mixed, and it provides a place where pieces 
of hardened cement can be removed from the mixed 
grout before they can get into the pump. If trouble 
develops requiring much delay while there is grout 
in the tank or trough, the grout is either pumped or 
shoveled out of the trough into any available space 
behind the drift side lagging. 

The 6X2 1/2x6-in. grout pumps which are now 
used in the operation were modified so that each 


Closeup showing grout pump, mixing tanks, and 
grout pipe. 


pump can handle approximately 14 gpm of grout so- 
lution while maintaining an average output pressure 
of 500 psi. These pumps are used either singly or in 
series, depending on the pressure required for the 
work being done. 


COMPARISON OF GROUTING AND 
CONCRETING 


The grouting program complements the extensive 
concreting program employed at San Manuel. In both 
development and in bad ground, grouting is used as 
an aid for excavating, whereas concrete is used for 
permanent support after excavation is complete. In 
drift repair, grouting becomes an actual repair me- 
dium and also reduces ground movement by consol- 
idating broken ground to give it more structural 
strength. Concrete, on the other hand, is used to 
hold ground which is too heavy for support by grout 
and timber. If ground weight is exceptionally heavy, 
grout is also used after the drifts are concreted to 
further consolidate the rock and reduce ground move- 
ment. 


tFor further information on concreting at San Manuel mine see: C. L. 
Pillar: The Placement and Use of Concrete Underground, Mining Con- 
gress Journal, Sept. 1960, and M. H. Ward: Underground Concreting at 
the San Manuel Mine, AIME Arizona Section Meeting, Tucson, December 
1958. 

Table I compares the costs and life of support of 
concrete, grouted ground, and timber. The compari- 
son of these differing methods was made in the same 
drift with the same extremely heavy ground condi- 
tions prevailing for all three. All ground in this drift 
is now supported with either timber and grout or with 
concrete. Some drifts require only occasional timber 


Table I. Comparison of Repair Costs and Life of Support 
in Haulage Drifts Subjected to Extreme Ground Pressures 


Estimated Support Repair 
Life (in months) Costs’ 
Timbered drifts repaired with: 
Steel sets and concrete 24 $80? 
Grout $50* 
Timber WS) $40* 


1These costs are to repair a portion of drift one time. 

2This cost includes complete removal of all old timber and replace- 
ment with steel sets and concrete. 

’This cost is with the use of two-stage grouting. 

‘This cost is for a complete change of timber, including posts, cap, 
back and side lagging. 
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replacement; however, many require the additional 
support provided by grout or concrete. When deter- 
mining whether timber, grout, or concrete will be 
used to repair the timbered drifts, the main factors 
which must be considered are the length of time that 
the drift must remain open for ore transportation; 
severity of the ground weight; and the ability of the 
ground to take grout. The most economical type of 
repair is the one with the lowest initial cost which 
will last without being replaced for the remaining 
useful life of the drift. While grouted haulage drifts 
do not have as long a support life as concreted drifts 
in the heavier ground, in most cases the grouted 
drifts hold up as long as needed and therefore they 
are more economical to use than the concreted ones. 
When compared with concreting, grouting also saves 
time because drifts can be repaired faster with 
grout since no forms or supports are necessary and 
no removal of loose rock above the sets is required; 
and drifts undergoing grouting can be kept open for 
production during the grouting period since they are 
not blocked by either forms or supports. 

Concrete, on the other hand, being made with bet- 
ter aggregate, provides stronger support over a 
longer period of time; it can also be placed in ground 
that will become heavy but is too compact or uniform 
to take grout initially. 

The reduction in repair costs on the haulage level 
Since grouting was introduced is appreciable. Using 
the 1475 level haulage drift as an example, the main- 
tenance cost per ton of ore produced has been low- 
ered from about 7¢ in 1957 (when experimental grout- 
ing began) and a high of 18¢ in 1959 (when grouting 
was first employed on a full-time basis) to 4¢ in 
the latter half of 1960. Although other factors such 
as concreting, more efficient timber repair proced- 
ures, and some reduction in ground weight on the 
haulage level contributed to the overall decrease of 
these repair costs, a major portion of these savings 
can be attributed to the use of grout. 


332 


SUMMARY 


Because concrete instead of timber is now being 
placed initially in areas which are expected to take 
weight in the future, the need for grouting in repair 
work is diminishing. On the other hand, grout is be- 
ing used more frequently as an aid for development 
excavation, with new applications continually arising, 
such as grouting ahead into loose areas located by 
diamond drilling, and possibly using grout as a roof 
support alone or with rock bolts. With the use of 
higher pressures we can foresee an even broader 
range of application, primarily in stabilizing highly 
fractured, but more compact, rock. Thus, not only 
does grout occupy an important place in mining at 
San Manuel now, but it promises to be even more 
useful, particularly in development areas, in the 
years to come. 
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THEORY AND PRACTICE OF ROCK BOLTING 


For permanent structure underground, where rock is not competent, support 
usually consists of concrete or reinforced concrete. However, temporary 
supports in the form of timber or steel are often needed during construc- 
tion. Although the history of rock bolting is relatively short—50 years— 
their use has become widespread in general engineering construction as 
well as mining. This profusely illustrated and detailed study covers a 
broad range in the field of rock belting: from the behavior of rock and 

bolts including rock properties, masses, and structure; mathematical for- 
mulae for rock bolt applications; through analysis of various operations 


and descriptions of the bolts themselves. 


R°:: construction is one of the oldest of the engi- 
neering arts and its origin is lost in antiquity. 
From the days when early man decided that he 
wanted to improve the natural caves which he was 
using for shelter and protection or made a river 
crossing by placing rocks to form a ford or cause- 
way, we have had structures made of rock. 

It is not too much to say that rock in situ as a 
structural material forms part of every major en- 
gineering undertaking. Rock bolting is one means 
whereby the inherently good characteristics of rock 
in situ are preserved and used to the best advantage 
and the bad characteristics ameliorated. In many 
cases the latter are accentuated by construction 
processes used. 

Rock bolting, as with other rock construction 
techniques, is only just beginning to emerge from 
being an art. Consequently, its theory and practice 
is still more descriptive than mathematical. 


ROCK BOLTING 


In underground excavations, where the rock is 
not competent, support is provided. For the per- 
manent structure, this generally consists of con- 
crete or reinforced concrete. However, support 
may be needed during construction before the con- 
crete can be placed, and conventionally this con- 
sists of timber or steel support in the form of 
ribs, struts, and lagging. Alternatively, rock bolts 
may be used. Although their use dates back over 
50 years, it is only in recent years that rock bolts 
have become widely used, not only in mining but in 
general engineering construction. 

A rock bolt is a steel bar which is inserted ina 
hole drilled in rock. The end away from the rock 
face has a device which permits it to be firmly an- 
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chored in the hole and the projecting end is fitted 
with a plate which bears against the rock surface. 
The bolt is placed in tension between the anchor and 
the plate, thereby exerting a compressive force on 
the rock. 

The essential feature of a rock bolt is that it is 
placed in tension. This distinguishes it from anchor 
bars which are grouted into holes in rock, but which 
are not prestressed. The difference between an an- 
chor bar and a rock bolt when the rock bolt is 
grouted in is analogous to the difference between 
the reinforcement in ordinary reinforced concrete 
and in prestressed reinforced concrete. 

The view that rock bolts only pin or nail blocks 
or slabs of rock which are loose to the sounder rock 
behind them is erroneous. Rock bolts are useful for 
this purpose and have been so used for a long time. 

However, the term rock bolting, as used here, 
means the designed use of rock bolts to reinforce 
and develop the rock around an excavation into a 
structural entity which can competently play its 
part in a structure such as a powerhouse or a mine 
installation. 

Rock bolts behave quite differently than steel ribs. 
They can be installed at the working face directly 
after blasting and within a short space of time can 
be exerting a stabilizing pressure on the loosened 
rock surface. This early installation not only par- 
tially restores loosened blocks of rock to their 
original unloosened positions, but also it prevents 
the gradual relaxation or loosening of the decom- 
pression zone behind the new rock face. 

In contrast, steel ribs generally use timber 
blocks, wedges, and lagging between the ribs and 
the irregular rock surface. The timber is rela- 
tively compressible, and loosened blocks of rock 
must move outwards an appreciable distance before 
any load builds up on the steel ribs. Also, the ribs 
may settle as the foot blocks and foundation become 
compressed. Hence, it may take several days or 
weeks before the rock has moved sufficiently to 
make the steel ribs carry an effective load. 
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Once, however, the rock has been allowed to move 
even small amounts, it is no longer capable of con- 
tributing to its own support. In many cases, there- 
fore, steel sets must be strong enough to take the 
whole of the weight of whatever portion of the rock 
has moved. 

Properly installed rock bolts exert a definite 
force on the rock to keep it in its original position. 
In other words, sets support the rock after it has 
moved; rock bolts restrain the rock from begin- 
ning to move. Nevertheless there are many situa- 
tions where conventional support is needed, either 
alone or in conjunction with rock bolting. 

The use of rock bolts to stabilize the surface of 
excavations in stratified, horizontally bedded rock, 
such as is common in coal mines, has been likened 
to the bolting of a simple, laminated beam. The 
comments in this paper deal with the more general 
case of fractured rock, whether or not it is strati- 
fied or has schistose properties. 

When rock bolts are used for the support of un- 
derground openings, they have the following effects: 
1) A zone of radial compression in the rock is 
created around the opening by the tension in the bolt. 

2) The anchorage of the bolts causes a tangential 
compressive stress which acts at right angles to the 
direction of the rock bolts and is produced by the 
interaction of the tensile load on the bolt and the 
wedging action of the anchorage. 

3) A compressive circumferential stress is cre- 
ated around the opening. This results from the ten- 
sion in the rock bolts, which makes the compressed 
material tend to expand laterally. As this tendency 
is restrained, a compression is induced at right 
angles to the direction of the rock bolts. 

4) The deformation of the surface of the excava- 
tion is restrained, i.e., the rock is prevented from 
moving towards the cavity, particularly if the bolts 
are placed very shortly after blasting. In other 
words, the mutual interaction of a pattern of rock 
bolts prevents the dilation of the surface of the ex- 
cavation into the cavity, which otherwise would take 
place as a result of the relaxation of the original 
stress and strain around the opening. 

These effects imply that, either at or immediately 
behind the free surface, the bolts form a diaphragm 
of material which can be used as a structural mem- 
ber. The thickness of this diaphragm is somewhat 
less than the length of the rock bolt, and it has prop- 
erties which can be ascertained and behavior which 
can be assessed and designed for. It is obvious that, 
if rock bolts are to be designed to carry out the 
tasks enumerated, then it is necessary to know their 
behavior in relation to both intact and jointed rock. 
This requires knowledge not only of the behavior of 
rock bolts but also of the behavior of rock in situ 
either with or without rock bolts. 


BEHAVIOR OF ROCK AND ROCK BOLTS 


Rock Properties: A knowledge of the basic proper- 
ties and behavior of rocks is essential if their use 
in construction is to be safe and adequate. 

Many of the tests which have been devised to de- 
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termine rock properties are laboratory tests carried 
out on small, sound specimens of the rock. These 
tests include determinations of compressive and 
tensile strengths, shear strength, triaxial strength, 
abrasion resistance, texture, mineral composition, 
and chemical properties. While the results of these 
tests are of fundamental importance to a knowledge 
of rock behavior, they do not give data about the be- 
havior.of rock in situ or the conditions in the rock 
after it is disturbed by construction operations. 

A good example of the state of knowledge of rock 
under these latter conditions is the rock classifica- 
tions commonly given in engineering text books or 
reports. These classifications are basically quali- 
tative and depend on such descriptive adjectives as 
intact, stratified, massive, moderately jointed, mod- 
erately blocky and seamy, very blocky and seamy, 
completely crushed, competent, crushed and un- 
consolidated.’’? 

It is highly desirable that data regarding behavior 

of rock in place be obtained and used in the design 
and construction of rock structures such as large 
excavations—either surface or underground—if they 
are to be permanently stable and adequate under 
their specified conditions of usage. 
Massive Intact Rocks: Although most rocks are 
jointed or have other defects, some locations do 
have rocks that are intact, massive, crystalline 
types. 

These approach more closely than most rock 
types to the ideal assumptions generally made when 
attempting to assess the stresses which may be en- 
countered in large underground excavations. These 
assumptions are that the rock is homogeneous, iso- 
tropic, perfectly elastic, and that nowhere do the 
stresses exceed the elastic limit of the rock.*# 
Another assumption often used is that natural 
stresses are uniform (hydrostatic loading) in the 
zone to be excavated. 

If the foregoing assumptions are made and also 
that the vertical stress in the rock is entirely due 
to gravity, i.e., a uniform gravity stress field, the 
natural vertical stress in the rock at a depth z be- 
low the free surface is given by 


0, =p2 


where p is the unit weight of the rock. 

Assuming that the horizontal stresses o, and g, 
in the rock depend only on elastic properties and 
that lateral expansion is prevented, then 


[2] 
where v is Poisson’s ratio for the rock. Hence the 
ratio of horizontal stress to vertical stress is 


[3] 


If vy = 0.25, which is a common value assumed for 
hard rocks, N = 0.33. 

It has been found by measurements of natural 
stresses in the rock that N is often much greater 
than this theoretical value. 


a—Phoitoelastic gelatin model. 
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b—Stress distribution along A-A before cutting of 
valley. 
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c—Stress distribution along B-B after cutting valley. 


Fig. 1—Effect of V-notch in gravity stress field. 


The actual values of N depend not only on the geo- 
logical history of the rock but also on topography. 
For example, underground works are often located 
near deep valleys which can be compared to a V 
notch. Fig. 3 illustrates a study of the effect that a 
V notch would have on the stresses in a gravity 
stress field and simulates the effect that erosion of 
a river valley in a horizontal plateau would have on 
stresses in the rock near the valley. 

Fig. 3a is a photoelastic stress pattern using a 
gelatin model to reproduce gravity body forces, and 
Figs. 3b and 3c show in simplified form the change 
in vertical and horizontal stresses caused by the 
notch. 

The stress concentrations near the bottom of the 
notch are clearly seen in Fig. la. 

The use of rock support, either rock bolts or ribs, 
is generally not required in massive intact rock. 
However, under high natural stresses, such rock 
can give trouble, such as popping rock, arising from 
strain relief. 

The behavior of rock bolts in rocks of this type 
can be shown very clearly from photoelastic models. 
Examples from a series of such tests with bolts nor- 
mal to the free surface are given in Fig. 2. Analy- 
ses of the stress patterns show that the bolts de- 
velop a zone of uniform compression between the 
ends of the bolts provided the ratio of length to 
spacing 1/s, is not less than 2. At this value the 
zone is relatively narrow, whereas for 1/s = 3, it 
is approximately two thirds of the bolt length. Be- 


tween the bolts, tension develops in the surface and 
there is a small area subject to tension which 
reaches its maximum mid-way between two bolts. 

Fig. 2 shows stress patterns for an unconfined 
condition, i.e., no end restraint. Under this condi- 
tion, uniform tension is induced in the material at 
right angles to the direction of the bolts. If end re- 
straint or end loading is applied, then the tension is 
eliminated by a developed compression. 

Rock Joints: One of the most important and signif- 
icant variations of rock in situ from rock specimens 
in the laboratory is the presence of joints in the 
rock mass. These may result from the geological 
history of the rock or from construction work such 
as blasting. 

Joint patterns are never random; they may be ir- 
regular or regular. Joints may be smooth surfaces, 
either plane or slicken-sided, or they may be rough. 
If the joints are rough, they may be simply a line of 
fracture that is being held in intimate contact and 
completely interlocked with the adjoining blocks or 
they may have opened or been sheared by tectonic 
action. In general, any jointing pattern is not per- 
sistent over great distances, and where joints are 
found that are persistent, the joint is generally un- 
dulating. Joints may also be lubricated by the accu- 
mulation in the joint of debris from rock move- 
ments, e.g., shears and faults, depositions from 
circulating water, or the end products of the chemi- 
cal decomposition of rock minerals. 

It is obvious that jointed rock is neither homo- 
geneous nor isotropic and in the mass may be only 
moderately elastic. In some areas, it may be com- 
pletely nonelastic and exhibit all the properties of 
either a plastic or viscous material. The joint sys- 
tem may range from joints at wide intervals of many 
feet to closely spaced joints of a few inches. Al- 
though diamond drilling and exploratory tunnels 
give much valuable information, the detailed condi- 
tion of the rock is not known until the excavation is 
made. The materials which may be encountered 
can range from almost intact rock to a material 
that resembles crushed rock aggregate. In the 
latter case, although the size of the fragments may 
be comparable to aggregate sizes, they never have 
the random arrangement found in aggregate. 

The fact is that rock is jointed and must be dealt 
with as such if a satisfactory structure is to be built. 
Simple Joints and Rock Bolts: For underground ex- 
cavations the rock is generally confined within the 
rock mass except at the free face. The case of loose 
surface blocks or slabs of rock offers no particular 
problems. 

For rock at the surface of an excavation, the prin- 
cipal stress perpendicular to the surface is zero 
and the other stresses are parallel to the free sur- 
face. Studies of two dimensional cases of simple 
joints and bolts give a good insight into their rela- 
tionships and relative action. (Figs. 3 and 4.) To 
simplify the presentation, resultant forces on a block 
have been used, viz., P represents the resultant of 
the forces on the joint parallel to the surface, B rep- 
resents the force of either one rock bolt or the re- 
sultant of several rock bolts, and W is the weight of 
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a discrete block. q@ is the angle which the joint 
makes with the normal to the surface or the angle 
which the normal to a joint makes with the direction 
of P, and yp or tan ¢ is the coefficient of friction for 
the joint surface. It should be noted that yw is not 
the so-called coefficient of internal friction of the 
rock. It is assumed that the rock bolts cannot take 
any shear and exerts only compression in its axial 
direction. 

Forces in the directions shown in the sketches 
are taken as positive. In cases b, c, andd Fig 3, 
the bolt B is normal to the free surface and makes 
an angle a with the joint plane. 

For a bolt at right angles to the joint plane the 
criterion for stability is 


> sina (cot - cot a). [4] 


If a is less than ~, the right-hand side is negative 
and the bolt is unnecessary. 


For a bolt normal to the free surface the criterion 
is 


tan (a ¢) < tan (a + 9). [5] 
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b—1/s =2.0. 


Fig. 2—Rock bolt photo- 
elastic stress patterns. 

lis length of bolt and s 

is spacing of bolts. 


If (a + ~) > 7/2, then the right-hand side of the 
inequality does not apply. 

There is an upper and lower limit for the ratio of 
B to P. If the tension in the bolt is too high, the bolt 
can cause the blocks on either side of the joint to 
Slide relative to one another. In the case of a sur- 
face block confined on all sides except the free sur- 
face, this is not a danger because excess tension in 
the bolt will only cause an increase in the value of 
P, although some small movement may occur along 
the joint. 

For a symmetrical double joint in a horizontal 
roof (Fig. 3c) the criterion is 


tan (a - ¢)< 


(a + >). [6] 


Again the right-hand side does not apply if 
(a+) >7/2. It is rarely that the two joints form- 
ing the block W will be at equal angles a to the sur- 
face. A criterion for stability can be worked out for 
a different in the two joints. However, for simplic- 
ity, they have been kept the same. Under certain 
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Table I. Selected Results of Rock Bolt Tests on Crushed Rock* 


Rock Size Spacing 
Bolt Lateral Load, 
Bolt Bolts Clear Washer Tension, Pressure, W 
Range, Mean, Length sl, s2, Size, B, 1000p, Lb Per 1000 Deflection, 
Test No. In. In. In. In In. In. s?/m L Sq Ft Lb , In. Remarks 
1:4 bolts 3toS 4 46 23 13 103103525 7.50 821 - - Failed by reducing B to 
2.00 998 13.0 1.600 zero 
1°35 990 10.0 1.908 
2:9 bolts 1.5 to 2.25 1875 23 16 8 8x8 4.27 5.00 1750 - - 2-in. by 24-gage wire 
5.00 2835 13.0 0.546 netting support 
4.85 2350 0.0 0.415 Failed after saturation 
4.85 2575 13.0 0.619 Failed after saturation 
03:4 bolts 1.5 to 2.25 1875 39 16 13 10x10 6.93 15.00 1520 - - 2-in. by 24-gage wire 
10.40 2440 13.0 0.825 netting support 
10.40 2140 13:0" 90.983 
cycles 
Failed on removing wire 
support. 


*Average weight of crushed rock was 105 lb per cu ft. 


conditions the block is quite stable and bolting is 
unnecessary. 


Fig. 4a shows two symmetrical joints forming a 
block in a vertical surface. This is a more complex 
case, because if the block tends to slide on the lower 
surface, there will be a redistribution of stress to 
establish equilibrium. If the assumption is made 
when one joint tends to slide the redistribution of 


For stability For stability : 


B 8 
sin « (cot 6—cot«) tan@-$¢) < p< tan +9) 


(a) SINGLE JOINT WITH BOLT 
NORMAL TO JOINT 


(b) SINGLE JOINT WITH BOLT 
NORMAL TO END LOAD 


Ww 
A t 
/\ 
a 
B B 
For stability : 


tanoo) < < tan 


(¢) BLOCK IN HORIZONTAL 
SURFACE 


For 


stability 


tan@-o)< pe! 
2 


(d) BLOCK IN VERTICAL 
SURFACE 
Fig. 3—Simple joints. Legend: B, force exerted by 
bolt; P, direct force on joint; tan, coefficient of 
joint friction; W, weight of block; and a, anble be- 
tween P and normal to joint. 


stress is such that P is invariant, then for stability; 


B 
[7] 

+ — 

The case where a simple joint has a moment M 
and a shear V acting on it as well as the force P and 
bolt force B is illustrated— Fig. 4a. The conditions 
for stability are 


1) For sliding 


tan (a - 9) < < tan (a + 9). 


4, 


LLL, 


For stability: 
|. Sliding: tan $) < tan(«+$) 
2.Rotation about O: B tan «> — P+V tan« 
(a) JOINT UNDER DIRECT FORCE P, MOMENT M, AND SHEAR V 


Shear or crushed zone 


\ 


Yoint opening 


(b) JOINT FAILURE BY ROTATION 


JOINT 


(¢) ROUGH 
Fig. 4—Simple rock joints. 
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End Loading 


tan (a - 0) < < tan (a + >). [8] 


2) For rotation about O 
[9] 


If the moment M is small, then the criterion for 
sliding prevails. The criterion for rotation about O 
applies for a completely open joint with the reac- 
tions at O bearing on a point area. Actually before 
limit 2) is reached, failure will occur by shearing 
or crushing at O. 

In a rock with simple joints as exhibited above, it 
rarely occurs that failure is due to sliding on the 
joint only; it is brought about by sliding and rota- 
tion, or rotation under moment may be the prime 
cause. In either case sliding and rotation almost 
inevitably, in the case of confined rock blocks, cause 
the development of end forces on the block which 
have a stabilizing effect on the jointed material. The 
cause of failure is by rotation, as illustrated in 
Fig. 4b. The joint on the tensile side tends to open 
while the reaction between the two blocks on either 
side of the joint plane is transferred to a smaller 
area as the opening proceeds. Eventually, the joint 
fails by a shearing or crushing of the material at 
the point or points about which rotation is taking 
place. If this point is confined (Fig. 4b), then, al- 
though the initial fracture may be a shear fracture 
at an angle to the joint surface, the material will 


Btana >% - P+V tana. 
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End Loading 


| 
Fig. 5—Photoelastic rock bolt model of regular joint pattern. Model material was CR 39 plastic; 640 
pieces; and 8 x 5 x 1/4-in, in size. 


still be capable of carrying load and is eventually 
crushed. With continued rotation the final failure 
will be sudden, although ample warning will be given 
by the shear and crushing. This is one source of 
rock noise. It is obvious that this type of failure 
gives increasing tension in any bolts that may be 
used to stabilize a joint. The case of a rough joint 
presents several interesting features, illustrated by 
Fig. 4c. A, C, D, Bis a conventionalized rough 
joint. If the resultant forces of the two blocks are 
as indicated, then failure could occur by sliding 
after shearing off the asperities at C and D, or by 
rotation. In the latter case, the frictional forces 
developed on the faces C and D would tend to oppose 
the rotation. 

A photoelastic study of a simple, regular joint 
pattern is shown in Fig. 5. The model consisted of 
approximately 640 pieces of CR39, 7/,-in. thick. 
Each block had smooth sides and stability was de- 
pendent entirely on the compression developed in 
the mass by the three rock bolts. End loading was 
not imposed but was developed against end restraint 
by tensioning the rock bolts. The model was free 
standing and the patterns shown in Fig. 11 were ob- 
tained with circularly polarized monochromatic 
light. It can be seen that stress concentrations are 
occurring at the corners of most of the small blocks 
i.e., the blocks are sliding and rotating. The trans- 
fer of stress from bolt to bolt can also be seen to- 
gether with comparatively large areas of fairly uni- 
form stress. 


Pattern Bolting; Where large areas, such as in an 
underground powerhouse or mine, are to be sup- 
ported by rock bolts, it is necessary to design a 
general pattern of bolting rather than to bolt only 
where the engineer or the inspector considers it 
might be needed. The details are based on up-to- 
date geological information concerning joint loca- 
tion and major geological structures as well as a 
careful appraisal of information available from any 
rock noise stations or rock-behavior instruments 
in areas that are already opened up. This informa- 
tion, correlated with information regarding the 
physical properties of the rock, will‘enable a sys- 
tematic bolting pattern to be designed, including 
tension in the bolts, length of bolts, angle of bolts 
to free surface, the effect of bolts at re-entrant 


Fig. 6—Crushed rock 
models. Individual 
photographs are: 

a) box model; b) bolted 
surface of box model; 
c) bucket model; and 
d) bolted surface of 
bucket model, 


angles, and other construction features. 

The benefits of pattern bolting are illustrated by 
the simple joint studies mentioned above and by the 
photoelastic stress patterns given in Figs. 2 and 5. 
It is obvious that in broad areas, the necessary in- 
teraction between adjoining bolts will not be con- 
tinuous unless pattern bolting is adopted, and that it 
will be far more efficacious in controlling the un- 
known conditions behind the surface of an excavation 
than random spotting of individual bolts. 

No jointing pattern in the rock is completely reg- 
ular and the casual spacing of bolts based on super- 
ficial surface conditions could well lead to disas- 
trous consequences. Pattern bolting has other 
advantages from the construction point of view. 
Apart from the minimum design requirements, the 
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Fig. 7—Rock bolt tests on crushed rock. 


number of bolts in each row and the distance between 
each row, is determined so that it will be possible to 
install one or more rows after each round is fired, 
with the result that the roof is bolted to within a few 
feet of the face. Also, the use of a grid type of pat- 
tern with provision for bolts at nominal distances 
apart, enables the installation crews to work sys- 
tematically and quickly, and makes for easy and 
convenient checking of the bolts after installation 
and again after subsequent blasting. With such sys- 
tematic working conditions, there is assurance that 
the necessary attention will be paid to every bolt 
during installation and subsequent checking. These 
advantages far outweigh the cost of the few extra 
bolts that may be installed. 

Stabilizing Fractured Rock: Rock met with in prac- 
tice varies from almost intact material to highly 
crushed and fractured rock. Photoelastic studies, 
as mentioned previously, can give an insight into 
rock bolt behavior in an elastic, isotropic material. 

At the other extreme, tests have demonstrated 
that bolts can stabilize an uncoherent crushed rock 
mass. The majority of rocks met in practice fall 
between these two extremes. Several of these tests 
are described below. 

The first consisted simply of a rectangular box 
with a plastic front which was filled with small 
crushed rock ¥,, in. in size, using model rock bolts. 
The mass was compacted by vibration to eliminate 
some of the looseness inherent in this material. 
After tightening the bolts the box was inverted and 
it was found that this material could be satisfactorily 
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b—Crushed rock, 1-1/2 to 2-1/4 in. 
Fig. 8—Rock bolt tests. 


supported, Figs. 6a and 6b. The second qualitative 
test was made with an ordinary household bucket, 
Figs. 6c and 6d. The lateral pressure developed by 
the bolts was sufficient to support not only the 
weight of the material in the bucket but an external 
load as well. 

As an extension of these small-scale tests, larger 
scale tests, for material similar to that which might 
be encountered in excavation practice and using bolts 
of large size were made. The testing apparatus con- 
sists of a box 4 x 4 x 4 ft. (Fig. 7) with vibrating 
wire pressure cells mounted in the sides to meas- 
ure lateral pressures and a hydraulic jack assembly 
to apply and measure central loads. 

The results of several of these tests are shown 
in Figs. 8 and 9 and in Table I. Fig. 8a shows the 
bolting of crushed rock material 3 to 5 in. in size 
with bolt tensions of 7500 lb per bolt. It supported 
a central load of 13,000 lb which was the maximum 
which could be applied with the loading jack. The bolt 
tension became less as the load was cycled and fi- 
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Fig. 9—Behavior of crushed rock model. Rock size range was 1-1/2 to 2-1/4 in.; the mean (m) was 


1.875 in, F=s,/m= 4.3. 


nally failure was induced by deliberately reducing 
the bolt tension to zero. 

Fig. 8b was a test with smaller material, 1.5 to 
2.25 in. in size, and a bolt length of 23 in. Results 
of this test are given by curve 1, Fig. 9. Load was 
applied and although there had been no indications 
of failure, a few fragments dropped out at 7000 lb, 
D, Fig. 9, and commenced an unravelling leading to 
failure. In order to prevent this and to demonstrate 
how flimsy a support may be needed between the 
bolts, the test was repeated with 2-in. by 24-gage 
chicken wire netting placed beneath the bolt wash- 
ers, but not attached to the sides of the box. There 
was little bulging of the wire and the model was 
loaded and unloaded to a maximum of 13,000 lb, 
in accordance with the sequence shown graphically 
in Fig. 9. Cyclic loading was applied at points 2, 

3, 5, 7, and 9 (Fig. 9). Small, permanent deforma- 
tions occurred with each cyclic loading in the early 
stages, e.g., between 3 and 4 (Fig. 9). Finally the 
chicken wire was cut away, when fall-out in the ten- 
sion zones occurred with typical vaults appearing 
between the bolts. 

The other test results given in Table I are for 
crushed rock identical with that used for tests in 
Fig. 8b and 9, with four bolts instead of nine. How- 
ever, the bolt tensions were increased from5,000 to 
15,000 lb, and 2-in. by 24-gage chicken wire was 
used under the bolt washers. It was anticipated that 


the wire inthis case would be carrying a larger load 


than in the earlier test and this proved to be the 
case. Loading was carried through a series of 
cycles, and the material was quite stable up to the 
maximum load of 13,000 lb. However, when the 
chicken wire was cut, failure occurred by ravelling 
when about three quarters of the chicken wire had 
been removed. 


In the photoelastic investigations, Figs. 2 and 5, 
it was noted that at the free surface between rock 
bolts there existed a small tension zone. In the un- 
coherent crushed rock material there was a fall-out 
of loose material in this zone. Such fall-out oc- 
curred and can be seen in Fig. 8 where small vaults 
have been created between the boundaries of the rock 
bolt washers. This illustrates why in practice rela- 
tively light steel wire mesh support between bolts 
was capable of stabilizing loose rock surfaces. The 
fall-out of this small amount of loose material in 
the tension zone between bolts can easily start 
vavelling of the whole mass due to the movement of 
certain key framents which, although carrying little 
or no load, may start a run if they are removed. 

From tests such as those described and from ex- 
perience in the field it can be stated; (1) that 
crushed or fractured rock can be stabilized by rock 
bolts and the diaphragms formed between the ends 
of the bolts behave as an integral, quasi-plastic 
structural member; (2) that loading and unloading 
causes working of the fragments with reduction in 
tension in the bolts, thus demonstrating the need for 
retightening bolts after vibration or other working; 
(3) that the general form of the load-deformation 
curve for fractured rock is somewhat similar to 
that for a ductile material (Fig. 10) and that after 
working it has a yield point which increases ina 
manner analogous to strain hardening in metals; 

(4) that only relatively flimsy support is needed to 
cope with loose material in the tension zone vaule 
between the bolt washers; and (5) that it is impor- 
tant to support such loose material so as to prevent 
ravelling of the whole fractured mass behing the 
bolts when under load. 

Load-Deformation and Failure: The behavior of 
small, sound specimens of the harder rocks, when 
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Fig. 10—Load deformation. Legend: OA, elastic 
deformation; A, yield point; AC, no significant 
deformation; and C, fracture. 


tested in the laboratory, is similar to that of a 
brittle material, such as cast iron, with load- 
deformation curves of the type shown in Fig. 10a. 
However, the nature of such rocks in the field can 
range from a massive formation with a few joints 
to an accumulation of uncoherent, although inter- 
locked, particles. Load-deformation curves for a 
jointed rock are of the general form shown in 
Fig. 10b, and, it can be seen, are somewhat com- 
parable to that for a ductile metal such as copper, 
Fig. 10c. 

Most substances exhibit load-deformations which 
are dependent on time. These time dependent ef- 
fects are of particular significance for rock work 
and are well known to miners and tunnellers as 
bridge effect or hang up time. A characteristic 
curve showing the development of strain under a 
suddenly applied load and the relaxation of this 
strain when the load is suddenly removed is shown 

The study and correlation of information such as 
in Figs. 10b and 11, which can be obtained by simple 
jack tests of the rock in situ, is basic for determin- 
ing the stability of rock excavations and the support 
which may be required. 

It also demonstrates why rock bolts, or any other 
form of support, should be installed as soon as pos- 
sible after the surface to be supported has been ex- 
posed. For example, if rock bolts are installed a 
short time after blasting—say at A in Fig. 11—then 
it is possible to prevent relaxation of a large pro- 
portion of the strain caused in the rock by the nat- 
ural stress conditions. 

The stress which must be applied to the new sur- 
face of the rock to obtain this result need only be a 
fraction of the natural stress originally in the rock. 
For example, jack tests on fractured granite have 
shown that applied stresses only one tenth of the 
original may retain as much as 60 pct of the orig- 
inal strain. In other words, a small load ona 
freshly blasted surface will prevent a large strain 
from developing, thus preventing cracks and ar- 
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resing rock movement. 

Many of the procedures used in engineering de- 
sign are based on the classical theories of elas- 
ticity with the necessary assumptions or limitations 
to adapt these theories to particular practical 
circumstances. 

The results of such analyses must be used with 
caution for rock structures because, as a structural 
material, it is neither homogeneous, isotropic, nor 
perfectly elastic. Furthermore, no matter how de- 
tailed an investigation may be, every job will have 
variations which must be dealt with as they arise. 

Rock is often looked on as a brittle and rigid ma- 
terial that fails only by fracture. However, both 
igneous and sedimentary rocks when subjected to 
high temperatures or pressures, or both, tend to 
flow and take on the nature and properties of plastic 
or viscous materials.°*® 

Failure by flow is connoted by such mining terms 
as squeezing or swelling rock. Chemical changes 
in the rock minerals often give rise to these 
conditions. 

The rock failure most commonly encountered can 
be defined as due to slipping, separation, or both. 

Slipping includes fracture by shear through the 
intact rock or by slipping on joint planes. In the 
latter case, not only must the surface friction of the 
joint. be considered but also any interlocking between 
the joint surfaces which would result in shear also 
playing a part. 

Failure by a spearation fracture can be caused in 
two ways, viz., tension or rotation. Tension failures 
either direct or caused by bending are well recog- 
nized on a large scale by geologists. Popping rock 
is another form of tension failure. Failure by ro- 
tation is generally the direct result of the joint sys- 
tem in the rock. 

Under the combination of forces which may exist 
in the rock mass, individual blocks are displaced. 
The displacement can be either a simple slipping or 
sliding, or in the more general case, the block is 
rotated under a moment, the joints open, and failure 
occurs by slipping or by crushing or shearing at the 
corners of the block. This is the typical action of 
stoping which is the familiar term used by tunnel- 
ers and miners to indicate a process of fall-out 
from the roof of an excavation. 

In stratified and schistose rocks the planes of 
stratification and schistosity also give rise to planes 
of varying strength. Particular attention should al- 
ways be given to the relative orientation of these 
planes, the joint and fracture pattern which may be 
present, and the layout of the works being carried 
out. 

The occurrence of water in the rock is also of 
major significance, and account must be taken of 


Fig. 12—Modified stress around a circular tunnel. 
Original stress condition was hydrostatic, i.e., 

Pz = Px. Dashed lines indicate stress for the ideal 
tunnel, i.e., no zone of loosened rock. Solid line 
indicates stress modification for zone of loosened 
rock. 


500 psi 


Fig. 13—Joint studies of typical roof. 
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its location, origin, pressure, flow, chemical con- 
stitution, and seasonal variation. 

Construction methods, equipment, blasting plan, 
and type and amount of explosives are other factors 
which can contribute to the adequacy or otherwise of 
any rock structure. 

Rock Openings: The actual state of stress following 
the excavation of an opening in rock depends not 
only on the natural stress condition in the rock, but 
also on the shape of the opening, the dimensions of 
the opening, the geological conditions actually en- 
countered, and the construction sequence and proc- 
esses used. 

Terzaghi and Rickart® and Mindlin* as well as 
other investigators have examined the stress con- 
centrations for circular and elliptical tunnels and 
spherical cavities in the gravity stress field making 
the usual ideal assumptions. 

Such results are useful as a guide, but in the case 
of large, irregular openings, such as mines or 
powerhouses, considerable skill and judgment would 
be needed to apply the results obtained from the 
mathematical analyses of regular geometrical 
shapes. 

As an example, the stresses at the surface of an 
ideal smooth circular tunnel are theoretically twice 
the stresses in the rock before the tunnel was ex- 
cavated (Fig. 12). Also there is a complete relaxa- 
tion of radial strain at the surface. Whether the 
rock is competent to take the new conditions without 
collapse of the opening depends on the inherent 
properties of the rock, including the joint pattern, 
and the effects of blasting. 

Consider first the changes in the stress and 
strain conditions. Rock is weak in tension and if 
jointed can be assumed to have no tensile strength. 
Hence at the new surface there will be a readjust- 
ment by sliding along joints, shearing and crushing 
of irregularities on the joint planes, probably new 
fractures, rotation of blocks, and shearing or 
crushing of interlocked blocks. 


F5= 250ps.i. N=O Fr=290ps.i. Fo=145ps.i. 
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As a result of these movements the highly 
stressed zone migrates away from the new sur- 
face until the conditions in the rock mass can 
carry the load. The inference is that this is the 
result of a decreasing difference between the prin- 
cipal stresses and an increasing strength of the 
rock under triaxial conditions. 

Blasting, which is used in most rock excavation, 
accentuates these effects. It applies a sudden, im- 
pulsive increase in pressure in the vicinity of the 
charge which results in fracture of the rock and its 
displacement. This is accompanied by both pres- 
sure waves and vibration in the rock mass. The 
first impulsive increase in compression is followed 
by the complete release of stress normal to the new 
surface. It also may release pressure water in the 
joints. 

Another blasting effect, of great importance, when 
there are discontinuities in the rock, e.g., another 
excavation nearby or a continuous open joint, is that 
the compressive wave which travels outwards from 
an explosion center is reflected from a free surface 
as a tensile wave and the rock behind the free sur- 
face is fractured in layers by the reflected tensile 
stress.” Consequently, it is not unusual to find be- 
hind a free surface a series of cracks which have 
been developed even though the rock has not been 
displaced. 

These effects develop around an excavated opening 
in rock, what Talobre® has called a decompression 
zone. It is a zone where the rock has been dis- 
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b—Fn =230 psi, Fs = 115 psi, and 


Fig. 14.—Joint roof studies, 
gelatin model. For all 
photographs, the gravity 
field, oy = -—1000 psi. 


d—Fn = 170 psi, Fs = 85 psi, and 


turbed, joints have tended to open up, and is really 
a layer of loosened rock around the periphery of 
the opening. 

The relaxation of the initial compressive stresses 
in this zone and the relaxation of the original strains 
take time. This again is the bridge effect mentioned 
earlier. 

It is the movement of blocks in the decompressed 
zone, which may shear, slip, or rotate, that finally 
results in the failure of an opening by the collapse 
of its roof and walls. 

The effect that such a decompressed zone can 
have on the theoretical stresses at an opening is 
also shown in Fig. 12. Examples illustrating these 
effects by photoelastic studies of gelatin models are 
shown in Figs. 13 and 14. 

Fig. 13a shows a typical first stage excavation for 
the roof of a large excavation. There are high com- 
pressive stress concentrations in the acute angles 
at the sides and a tension zone in the roof. 

Circumferential joints were cut above the arch 
to simulate the decompression effect and, finally, 
radial joints were also cut as shown in Fig. 13b. 
Sketches c, d, e, and f show progressive reduction 
of the tensile zone and the retreat of the tension into 
the rock away from the free surface. Fig. 14 shows 
a sequence with another joint pattern. Fringe values 
F,, and F, in terms of oy equal to 1000 psi are given 
in the figures. F, is the value of normal stresses 
and F, the value of shear stresses. Stress con- 
centrations in terms of fringe numbers are marked 
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(6) 
Fig, 15—Rock bolt support transformer hall. a) Top, 


shows detail. 
March 1957. 


b) Bottom, is a general view taken in 


at important points on the boundaries, and an indi- 
cation given of the tension and compression zones. 

The decompression effect accentuates still further 
the need for and importance of pattern bolting. An 
example of typical pattern bolting is the transformer 
hall excavation of the Tumut 1 Power Station of the 
Snowy Mountains Authority shown in Fig. 15. Typical 
patterns for circular and horseshoe tunnels are 
given in Fig. 16. 


ROCK BOLT STRENGTH 


Types of Bolt: There are many types of bolt in use 
but they all have in common the following elements: 
a bar, an anchoring device, a bearing plate, and 

facilities for placing the bolt in tension. Generally 


they are of steel, but aluminum has been used— Figs. 


17 and 18. 

Strength of Rock Bolts: The so-called strength of a 
rock bolt is determined by its anchorage and a bolt 
is considered to have failed if it is impossible to 
hold the required tension in the bolt owing to con- 
tinuing slip of the anchorage. In practice, tension 
in the bolt would normally not be greater than the 
yield point of the steel and, therefore, the breaking 
of the steel shank does not arise. The load in the 
bolt at which the anchorage slips depends on the 
driving technique and the relative magnitudes of 
hole diameter, bolt diameter, and anchorage 
assembly. 


Fig. 16—Typical pattern for rock bolts. a) Top, 
shows the bolt pattern for a circular tunnel. The 
seven bolts shown in the left-hand drawing were 
each 20 ft long, spaced 6 x 6 ft. The 11 bolts in the 
right-hand drawing were each 8 ft long, spaced 

4 x 4 ft. b) Bottom, shows rock bolt pattern for a 
horseshoe tunnel. The seven bolts in the left-hand 
drawing were each 16 ft long, spaced 5-1/2 x 5-1/2 
ft. The nine bolts in the right-hand drawing were 
each 8 ft long, spaced 4 x 4 ft. 


The relative dimensions of the anchorage and the 
installation technique are satisfactory, and the bolt 
can be considered competent, if the tension in the 
bolt can be raised to the yield point of the steel or 
other required proof load without significant an- 
chorage slip. 

Anchorage Behavior: Anchorages may be of two 
types: (1) drive-set type, or (2) torque-set type. 

Drive-Set Type—The slot and wedge bolt is the 
common example of the drive-set type. In this, the 
anchorage is obtained by inserting the wedge into a 
slot on the end of the bolt and expanding the anchor- 
age by driving the wedge against the end of the drill- 
hole. It has the disadvantages that the hole has to 
be drilled to a definite depth and that in the softer 
rocks there is a tendency for the wedge to punch 
into the rock and not expand the bolt and set the 
anchorage. 

Doubts have been expressed at times regarding 
the adequacy of slot and wedge type bolts in hard 
rocks such as quartzite and granite. The Snowy 
Mountains Authority in Australia conducted a com- 
prehensive series of tests on this type of bolt in 
granite.° 

The test procedure consisted of drilling the hole, 
inserting and driving the bolt, pulling the bolt with 
a hydraulic jack assembly and measuring bolt ten- 
sion, anchorage movement, and bolt elongation. The 
tests were all carried out with 1 in. nominal diame- 
ter mild steel bolts with flame cut slot and flame cut 
wedge. The drillhole diameters ranged from 17, to 
15/, in., wedge sizes from ’/ to 1 in., and bolt lengths 
from 2 to 20 ft. Driving time, air pressure, length 
of bolt, and the number of impacts per minute by the 
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Fig. 17—Types of rock 
bolts. The bolts shown, 
from left to right, are: 
1) exploded view and 
2) as-installed slot and 
wedge bolt, and 3) ex- 
ploded view and 4) as- 
installed expansion sheel 
bolt. The shanks were 
Hole dio 12 1/2, 5/8, 3/4, or 7/8 in. 
diam. 
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Greased machine 
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Flange washers 
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driving hammer, were also varied and the effect on 
anchorage competency noted. It was found that no 
trouble was experienced in obtaining a satisfactory 
anchorage if the air pressure at the driving hammer 
was not less than 75 psi (preferably 85 to 100 psi), 
the driving time was 20 to 30 sec, and the hhommer 
gave between 2000 to 3000 impacts per min. 

A typical assembly is shown in Fig. 19. When the 
wedge is inserted in the slot and the wedge and bolt 
driven home against the end of the drillhole, the 
prongs of the bolt spread, touch the sides of the 
drillhole at A, Fig. 17a, and from Ato Bare either 
plastically deformed by the rock or plough a groove 
into the rock or both. If the prongs of the bolt donot 
plough a groove in the rock, and the wedge is driven 
home, then €p, the diametral strain of the anchor- 
age assembly, is given by 

_wtd-t-D 
D 


[10] 
in which D is diameter of drillhole, d is diameter of 
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bolt, ¢ is width of slot, and w is wedge thickness. 

The test results showed that, provided €, is 0.15 
or greater, there should be no difficulty in achieving 
a 95 pct satisfactory performance for bolt loads up 
to 20,000 lb and 80 pct for bolt loads up to 30,000 lb, 
which was beyond the elastic limit for these bolts. 

In the course of the tests it was found that, on ini- 
tially tensioning the bolt, anchorage movements took 
place. As the loads increased further movements 
sometimes took place. When the anchorage did not 
slip without further increase in load, the load could 
be removed and again applied to its previous value 
before further slip took place. In other words, the 
anchorage itself had a yzeld point and behaved as 
though the junction between the steel and the rock 
had the property of strain hardening, 

A number of anchorages, after driving and load- 
ing, were removed from the rock and examined. The 
contact areas were generally of the types shown in 
Figs. 17b and 17c. Type b occurred where the 
wedge may not have been driven quite home, whereas 
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Fig. 18—Types of rock 
bolts. The bolts shown, 
from left to right, are: 
1) exploded view and t 
2) as-installed expan- Nominal 3 dio 
sion shell bolt, 3) ex- 
ploded view and 4) as- 
installed sliding wedge 
bolt, and 5) exploded 
view and 6) as-installed 
sliding wedge bolt. 


c occurred if the wedge had been driven fully home 
or even slightly past the end of the bolt. A typical 
contact area is shown ind. 

It was also observed that in the center of the con- 
tact area rock fragments and minerals were ad- 
hering to steel as atA in Figs. 17b, c, and d. Closer 
examination (Fig. 17e) revealed that in this central 
area the steel had been severely deformed plas- 
tically and showed characteristic shear slip sur- 
faces, A, and that the minerals adhering to it, B, 
also showed shear slip surfaces. These minerals 
appeared to have been pulverized and compressed 
under very high pressure. That the steel in this 
area had undergone very severe plastic deformation 
was confirmed by a hardness survey of the contact 
area. The unworked bolt shank had a Brinell hard- 
ness number of 150 compared to 160 just inside the 
edge of the contact area and a maximum of 250 in 
the center of the contact areas. 

Severe plastic deformation as found atA and B 
(Fig. 17e), begins at a pressure equivalent to about 
0.4 of the Brinell hardness number.’°»4? With a 
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Brinell value of 150 kg per sq mm (214,000 psi), 
the pressure for plastic formation would then be 
about 85,000 psi. 

At the center of the contact areas both the steel 
and the rock are under a condition of high triaxial 
compression and are entering the range where it 
might be expected that the rock minerals would also 
be deforming plastically.®°*® Under these conditions 
there is probably strong adhesion between the steel 
and the rock as well as a very intimate and strong 
mechanical bond at the junction. 

These features of the steel-rock junction are 
consistent with the stick-slip motion of the an- 
chorage under increasing load which was noted 
during the tests. 

The deformation of the anchorage is elastic as 
well as plastic and if the anchorage sticks at any 
applied load then this load must be exceeded before 
it slips, i.e., the stick-slip load increases as the 
elastic yield point of the steel is increased by strain 
hardening. The elastic lateral deformation of the 
anchorage assembly under increasing bolt tension 


| as required 
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(a) TYPICAL ROCKBOLT 


(e) Contact area of photograph d. 
Fig. 19—Slot and wedge vock bolt anchorage. 
in accordance with Poisson’s ratio will also con- 
tribute to the stick-slip nature of the anchorage 

movement. 

It was concluded from these tests that in hard 
rock bolts with a slot and wedge anchorage can be 
installed satisfactorily and, if so desired, can be 
given an initial proof load to ensure a margin over 
the working load. 

Torque-Set Type—In this type of anchorage the 
wedge or cone which expands the anchorage is at- 
tached to the end of the bolt by a screw thread. The 
anchorage is expanded by applying a torque to the 
bolt. This may be done as a pre-set operation be- 
fore the bolt is tensioned or by expanding the an- 
chorage and setting the bolt at the same time. 

Expansion-type anchorages are quite satisfactory 
and have the advantage that the length of drillhole 
is not critical. However, the expansion shell re- 
quires a larger drillhole than the slot and wedge for 
the same bolt diameter. This has led to smaller 
diameter bolts being used with a higher strength 
steel. These smaller diameters render the bolt 


very vulnerable to torsional stresses. Thus a %/,-in. 


diam bolt can take 0.56 of the tension load of a 1-in. 
diam bolt but only 0.42 of the torsional load. When 
torsion and tension are both present, e.g., when 
anchorage setting and tensioning are done simulta- 
neously, then particular care is necessary to avoid 
overstressing the bolt. This is the case when using 
the integral head type of bolt. 

Friction between the head, the washers, and the 
bearing plate, and also in the anchorage assembly 
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can make the stress condition in the bolt still more 


indeterminate. 

Bolt-Tensioning: In practice it rarely occurs that 
the bearing surface of the rock at a bolt is perpen- 
dicular to the axis cf the bolt and is flat. Conse- 
quently, steel bearing plates are used to bridge the 
irregularities in the rock face and taper or flange 
washers to ensure the nut has an even bearing. In 
addition, a machine washer immediately under the 
nut provides less friction and more uniform 
conditions. 

If these provisions are not made, then the major 
part of the torque applied to the nut to tension the 
bolt is absorbed in nut-bearing plate friction. In 
the case of the integral head type of bolts this not 
only results in a lower tension in the bolt but also 
in less efficient anchorages. 
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DENSITY CHART FOR THE PREPARATION OF HEAVY 
LIQUIDS FOR MINERALOGICAL ANALYSIS 


A graphical solution is presented for the equation 


(d, —d,, ) 


* (d,, 


where \, is the volume of liquid b of density & that must be added to liquid a 
of volume v, and density d, in order to obtain a heavy-liquid solution of pre- 
ferred density d,, for mineral fractionation. The equation is valid only for 
pairs of liquids whose volumes are additive, but empirical density-composi- 
tion data show that this condition is met over wide compositional ranges by 
all of the heavy solutions that are commonly used for mineralogical analysis. 
The chart is a nomograph which consists of two horizontal volume scales and 
a vertical density scale arvanged so that one volume scale occurs on each 
side of the density scale. All the scales are linear. For two liquids of density 
d, and &, respectively, each volume scale has an independent level on the 
density scale, and the graphical solution for vy, on the nomograph is obtained 
by construction of one straight line. The chart can be prepared easily to 
cover any density range with any desired accuracy by proper selection of the 


scales. 


eavy-liquid separation of particulate samples is 
an indispensable analytical procedure in the min- 


eralogical and mineral-processing laboratory. Heavy 


liquids may be used 1) to isolate specific minerals 
in the form of high purity products or to fractionate 
samples into several products with density limits 
for petrographic, chemical, spectrographic, and X- 
ray diffraction analysis,’ 2) to determine the den- 
sity of minerals,** 3) to facilitate the recognition 
and identification of optically similar associated 
minerals,’° and 4) to determine quantitatively the 
degree of liberation of ore minerals in ores and 
mill products at various limiting sizes.*® 

The preparation and recovery of heavy liquids 
suitable for mineralogical analysis are discussed 
fully in the literature’’*” * and operational proce- 
dures and special equipment for heavy-liquid sepa- 
ration are described in numerous references.’’?°” 
13,16,25-42 eful tabulations of heavy liquids for 
mineralogical analysis are given by Tickell,” Mil- 
ner,° Twenhofel and Tyler,’ and Lange’ and a 
very complete up-to-date list of minerals arranged 
according to increasing density is given by Mursky 


and Thompson.** 


USEFULNESS OF THE DENSITY CHART 


For any particulate sample, the limiting densities 
selected for its fractionation by means of heavy- 
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liquid separation depend on the respective densities 
of the constituent minerals and the specific objec- 
tives of the separation. In many instances, the den- 
sities of readily available and practicable heavy 
liquids do not coincide with those that are required, 
and suitable liquids of the proper density are ob- 
tained by dilution with miscible liquids. In the gen- 
eral case, one may wish to mix either a pure liquid 
(A) or a solution of two miscible liquids (AyB,) of 
known density with either a pure liquid (B) ora 
different solution of the two miscible liquids (A,,B,) 
of higher or lower density in order to obtain a final 
liquid of the preferred density. In conventional 
practice, the latter is reached empirically by trial- 
and-error addition of increments of one liquid to 
the other. The density of the final solution may be 
determined either by accurately weighing a known 
volume of the final liquid,’’ ? 4°? ® or by means 
of 1)a Westphal balance, 2)a 3) a 
refractometer in the case of binary liquid systems 
for which density-refractive index data are availa- 
ble,’® 4) natural or synthetic indicators of known 
density,» PP 542-545; 26, pp 464-465; 45, P 154 or 5) a pycno- 
meter. Like all trial-and-error methods, these pro- 
cedures are time consuming and many require spe- 
cial equipment which may not be available. 

The purpose of this paper is to show that the vol- 
ume of a liquid of known density which is to be added 
to another liquid of known volume and density in 
order to obtain a solution with an intermediate pre- 
ferred density may be determined rapidly and ac- 
curately by a graphical method provided that the two 
liquids form ideal or quasi-ideal solutions whose 
volumes are additive. Empirical data?*®’'®’#-*° 
show that solutions prepared from pairs of miscible 
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Fig. 1—Generalized nomographic chart for 
preparing heavy solutions of intermediate 
density for mineralogical analysis. 


liquids that are most suitable for mineralogical 
separation* have densities that are a straight-line 


*I.e., acetylene tetrabromide-carbon tetrachloride, bromoform-carbon 
tetrachloride, bromoform-acetone, bromoform-dimethy] sulfoxide, acety- 
lene tetrachloride-carbon tetrachloride, methylene iodide-benzene, 
methylene iodide-dimethyl sulfoxide, methylene iodide-N, N-dimethyl- 
formamide, carbon tetrachloride-benzene, antimony tribromide-bromo- 
form, antimony tribromide-antimony trichloride, antimony tribromide- 
stannic bromide, stannic bromide-carbon tetrachloride, thallium formate- 
water, Clerici’s sofution or thallous formate malonate-water. 


function of composition over wide, if not their en- 
tire, compositional ranges. Within these composi- 
tional limits, the maximum density departures from 
linearity are typically less than 0.02. Depending on 
the volume additivity of a given pair of liquids and 
the accuracy desired, the chart proposed in this 
paper will enable one to obtain in a single operation 
either a solution of the required density or a solu- 
tion whose density is very close to that required and 
for which additional minor density adjustments may 
be made by the usual empirical method. 


MATHEMATICAL BASIS OF THE DENSITY CHART 


For ideal liquids of density d, volume v, and 
weight w whose volumes are additive, 


Um = + Up 


Wy = Ug + Wp 


where the subscripts m, a, and 6 refer to the mix- 
ture, liquid (a) and liquid (b), respectively. Sub- 
Stituting, 


Vm = dy (Ug Up) dy Up 


_ dw, (d, 
[2] 
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The density chart is a nomograph based on Eq. 1. 
These equations are valid only when the liquids to be 
mixed are at the same temperature. This condition 
is usually met in ordinary practice inasmuch as 
most heavy-liquid separations are made at room 
temperature, and it otherwise imposes no experi- 
mental difficulty. 


CONSTRUCTION AND APPLICATION OF THE 
DENSITY CHART 


An equation with four independent variables in the 
form of Eq. 1 may be solved graphically by construc- 
ting a nomographic chart composed of two horizon- 
tal volume scales (v, and v,) and a vertical density 
scale (d,, d,, and d,,) arranged so that one volume 
scale is on each side of the density scale as shown 
in Fig. 1. The abscissa and ordinate scales are in- 
dependent of one another and each is linear. For 
every graphical solution, the right-hand part of the 
abscissa representing uv, should meet the ordinate at 
density d, and the left-hand part of the abscissa rep- 
resenting vu, should meet the ordinate at density d,. 
The chart may be constructed to cover whatever 
range of density is required, and the desired ac- 
curacy may be obtained by a proper selection of 
scale. 

Fig. 1 shows the graphical solution of an example 
in which the liquid to be added has a lower density 
than that of the starting liquid (d,>d,) and of an ex- 
ample of the opposite condition (d,<d,). In both 
cases, the following sequence of operations is fol- 
lowed: 

1) d is measured along the density scale. 

2) v, is measured to the right along the abscissa 
at the level of d to reach Point 1 (&, u,). 

3) d,, is then located on the density scale at Point 

4) Points 1 and 2 are connected and the resulting 
line is extended to the left until it intersects a hori- 
zontal line which represents the magnitude of d, on 
the density scale; this intersection is Point 3 (d,, »%). 

5) A vertical line through Point 3 intersects the 
left-hand volume scale at Point 4 which is Up, the 
solution of the equation 


Ya 


Fig. 1 is a generalized representation of the nomo- 
graph in which the right and left-hand horizontal 
scales are not at their proper respective levels for 
the specific examples shown on the chart. As a re- 
Sult, Point 1 does not lie directly on the Uz scale and 
Point 3 must be projected to Point 4 in order to read 
vp. For a particular pair of liquids of density d, and 
d,, respectively, the chart is adjusted so that the 
horizontal scales for v, and y are at their correct 
relative levels with respect to the vertical density 
scale. The chart then appears as shown in Fig. 2 in 
which a Single straight line connecting Points 1 (v,) 
and 2 (d,,) is sufficient to determine the required v, 
Solution of preferred intermediate density 


The required vu, may be measured with a burette 


= 
vu, (d, —d,,) 
(d=, [1] 
|| 


Ip] (i) 


0) (3) 7 


Yb 


Fig. 2—Density charts for specific pairs 
of liquids of density da, and &. 


of suitable accuracy. It is sometimes more expedi- 
ent, however, to work with known weights of liquid 
rather than known volumes. These weights may be 
converted to volumes by means of the known den- 
Sities so that the chart may be used. 
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TECHNIQUE OF GAS OXIDATION DURING 


PULP AGITATION 


In this laboratory study the problem of aerative conditioning to separate 
chalcopyrite and pyrite from cobaltite was simply effected with a sulfy- 
drate collector and pH by proper choice of mixing variables. It was shown 
that for a given impeller type and geometry, selectivity is governed by a 
relation between the Froude number and a modified power number multi- 
plied by impeller : tank-diameter vatio wherein the power factor is ex- 
pressed as power intensity or horsepower per unit volume of contained 
pulp. In applying this approach to other systems, other criteria would 


be used in place of selectivity. 


Te purpose of this paper is to show how solutions 

to problems of aerative conditioning of pulps may 
be enhanced by development of mixing parameters in 
a given system through application of a fundamental 

approach to agitation. 

The term aerative conditioning refers to a com- 
bination of processes which include mechanical gas 
dispersion, gas solution in the liquid phase, trans- 
port of dissolved gases and other reactants to the 
reaction zone, physico-chemico interaction within 
the liquid phase and/or at the solid surface, and, 
finally transport of products away from the reaction 
zone. 

Important elements of these processes are: 

1) Air-Liquid Contact Area; This area limits the 
rate at which a given gas may dissolve in a given 
liquid. Thus, an aerative conditioning system should 
be designed for optimum gas dispersion. 

2) Diffusional Factors: Such factors as concen- 
tration gradient, diffusion film thickness, and 
diffusivity may govern the rate at which dissolved 
constituents are transferred to the zone of inter- 
action at a particle surface and the rate at which 
reaction products are transported therefrom. Thus, 
such systems would be designed for maximum tur- 
bulence to effect good mixing and to minimize dif- 
fusion film thickness. 

3) Solids-Turbulent Liquid Contact Time: Suf- 
ficient time should be provided for interactions to 
take place at solid-liquid interfaces. The region of 
maximum turbulence for mechanical systems being 
in the impeller zone, it is important that the number 
of passes through this zone be optimized. This 
means that a proper balance should be struck be- 
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tween flow and turbulent power to achieve optimum 
conditioning time. Too high a flow rate and insuf- 
ficient turbulence may be improper if the reactions 
are diffusion limited. On the other hand, too much 
turbulent power and too little time in the reaction 
zone due to insufficient flow power may also be 
limiting. 

4) Geometry and Impeller Design: The design of 
the conditioning vessel and the type of impeller 
employed are important factors in determining the 
relative distribution between flow and turbulent 
power and the degree of gas dispersion. Maximiza- 
tion of power input would be to no avail if the distri- 
bution between flow and turbulent power were im- 
proper or gas dispersion insufficient. 

0. Physical Chemistry; The reactions between 
dissolved gases and solid surfaces may be limit- 
ing if gas solubility, activation energies and/or free 
energies are not favorable. 

J. H. Rushton, E. W. Costich, and H. J. Everett’ 
have summarized the mechanical elements of the 
combination of processes listed in a fundamental 
mixing equation. This equation was derived by 
dimensional analysis and relates the physical vari- 
ables for a single impeller, centered in a cylindrical, 
vertical axis, flat-bottomed tank. It is, 


-(C/D)° (S/D)§ (L/D)! + (w/b) + 
-(B/No.)? + (R/No.)” 


where T is tank diameter in feet; H is liquid depth 
in feet; C is height of impeller off tank bottom in 
feet; S is pitch of impeller; L is length of impeller 
blades; W is width of impeller blades; R is number 
of baffles; D is impeller diameter in feet; Np is the 
power number, 2,/dN*D*; P is power in foot-pounds 
per second; g is the gravitational constant, feet per 
second;” J is width of baffles; B is number of im- 


Table |. Flotation Test Procedure 


Conditions for Flotation Reagents, Lb per Ton Heads 
Hydraz. Conc. 
Point of Addition Time, Min Pct Solids pH Range Z-3 MIBC Sulfate Salter 404 
Feed to Rougher Flotation: Pulp from Aerative Conditioner to 2000-G Denver 
Conditioning 2 25 8.0 to 8.5 0.10 0.11 
Fe, Cu roughing 10 
Conditioning 2 25 0.20 3.6 
Conditioning 3 0.11 0.15 
Co roughing 1 10 
Conditioning 3 0.11 0.15 
Co roughing 2 10 
Feed to Cleaner Flotation: Combined Cobalt Rougher Concentrate to 500-G Denver 
Conc. Sod. 
Sulfur. MIBC Sulfide Z-6 
Co cleaning 10 25 0.036 
Conditioning 2 3.0 to 3.2 1.8 1.0 
Conditioning 2 0.036 
Co. second concentrate 10 
peller blades; d is density of liquid, pound-mass per pyrite, pyrrhotite, cobaltite, arsenopyrite, cobaltian 


cubic foot; N is impeller speed, revolutions per 
second; Ny, is the Froude number, DN’/g; is 
the Reynolds number, D*Nd/u; u is the fluid vis- 


cosity, pound-mass per feet per second; and m, n, sundry small amounts of silicates. 


t, h, c, s, l, w, j, b, andy are the exponents for the 


ratios. 


It is proposed to show how the complexities of the 
aerative conditioning process may be resolved ina 


pyrite, cobaltian pyrrhotite, and cobaltian arsenopy- 
rite. Nonsulfide gangue minerals included chlorite, 
biotite, muscovite, quartzite, dolomite, quartz, and 


2) A composite of several ore lots were passed 


through a laboratory jaw and gyrocrusher until re- 


particular problem of oxidation by applying the fore- __ batches. 
3) Each batch was ground in a 7X14-in. Denver 
rod mill for 20 min at 67 pct solids and samples 


going relationship. 


The problem under consideration arose while 
attempting to develop a process to improve cobalt 
recovery and flotation reagent cost at Howe Sound’s 
Calera mill at Cobalt, Idaho.” Specifically, it was to 
determine a physical conditioning formula, irrespec- 


THE PROBLEM prepared for conditioning as required. 


duced to -1/4 in. The crushed material was then 
mixed, coned and quartered, and riffled into 2000-¢ 


4) After conditioning for 2 hr at pH 8.0 to 8.2, a 


for flotation. 


standard flotation test was run, as shown in Table I. 
Samples were taken to give approximately 2000 g 


/2 H.P.0.C. MOTORS GENERAL RADIO 
tive of the economics involved, to optimize the sepa- he See WOUND ees 
ration by flotation of the chalcopyrite-pyrrhotite- 
pyrite minerals from cobaltite. Such variables as ©) © 
ore type, initial temperature, conditioning time, 
method of air introduction, pH, and flotation pro- 4 - 


cedure were to be maintained substantially constant. 


EXPERIMENTAL APPROACH 


We initially set out to investigate by trial anderror 
the effect on selectivity of variations in impeller 
type, impeller diameter, revolutions per minute, 
power, and power intensity. It was our aim to try | 
and relate these factors to selectivity by some 
formula. It was our hope that power intensity would 
be the controlling factor irrespective of shape, a 
size, and other physical variables. 


APPARATUS AND PROCEDURES 


1) Ore lots of rod mill feed were obtained from the dite 
Calera mill at Cobalt, Idaho. The ore contained a 


ADJUSTABLE TANK SUPPORT PLATFORM 


variety of sulfide minerals including chalcopyrite, mination. 


TORQUE 
COUNTER 
WEIGHT 


Fig. 1—Experimental apparatus for power deter- 
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Table Il. Summary of Power Measurements 


Hp per 1000 Gal 


Impeller Type Tank Shape D, In. T, In. Gin: H, In. 500 Rpm 1000Rpm 1500 Rpm 2000 Rpm 2500 Rpm 
Vane disk Cylindrical 2 6 2-1/4 11-1/2 3.1 13.2 31.0 54.3 87.6 
Vane disk Cylindrical 2 8 2-1/4 11-1/2 0.6 4.1 12.0 25.0 45.0 
Vane disk Cylindrical 2 12 2-1/4 11-1/2 0.4 2.0 5.4 10.9 18.7 
Vane disk Cylindrical 2 15 2-1/4 11-1/2 0.3 1.4 3.4 6.5 10.9 
Vane disk Square 2 6 2-1/4 11-172 0.8 4.2 11.0 22.0 37eo 
Vane disk Square 8 2-1/4 / 0.3 2.0 6.2 14.1 23.4 
Vane disk Square 2 12 2-1/4 11-1/2 — 0.8 322 6.6 11.8 
FBT-6 Cylindrical 2 6 2-1/4 11-1/2 267 122 25.9 46.2 73.0 
FBT-6 Cylindrical 2 8 2-1/4 11-1/2 0.4 2.9 8.3 1755 S155 
FBT-6 Cylindrical 2 12 2-1/4 11-1/2 0.3 1.5 3.9 Hols: 12.8 
FBT-6 Cylindrical 2 15 2-1/4 11-1/2 0.2 1.0 2.4 4.7 7.8 
FBT-6 Square 2 6 2-1/4 11-1/2 0.8 4.2 11.0 22.0 SWE 
FBT-6 Square 2 8 2-1/4 11-1/2 0.4 1.9 4.9 9.7 16.8 
FBT-6 Square 2 12 2-1/4 11-1/2 0.2 1.0 2.9 5.8 10.2 
Marine propeller, Cylindrical 2 6 2-1/4 11-1/2 0.7 13.3 

3-blade, square, Cylindrical 2 8 2-1/4 11-1/2 0.1 0.6 2.0 5.0 9.8 
Pitch Cylindrical 2 12 2-1/4 11-1/2 = - i: 2.8 4.7 
Pitch Cylindrical y iS 2-1/4 11-1/2 = - 0.8 1.6 2.6 
Pitch Square 2 6 2-1/4 11-1/2 0.3 15 3.9 Tal 1353 
Pitch Square 2 8 2-1/4 11-1/2 0.1 0.6 1.8 3.8 7.0 
Pitch Square 2 12 2-1/4 11-1/2 _ - - 1.0 2.8 
Inverted vane disk Cylindrical 2 6 2-1/4 11-1/2 255 10.4 23.8 43.0 68.0 
Inverted vane disk Cylindrical 2 8 2-1/4 11-1/2 1.4 6.2 14.5 27.0 43.0 
Inverted vane disk Cylindrical 2 12 2-1/4 11-1/2 - 2.8 6.8 13.0 Ziel 
Inverted vane disk Cylindrical 2 15 2-1/4 11-1/2 = 1.5 3.9 8.0 13.8 
Inverted vane disk Square 2 6 2-1/4 11-1/2 0S 4.1 11.0 24.0 31.5 
Inverted vane disk Square 2 8 2-1/4 11-1/2 - Bi Lit D5 42.1 
Inverted vane disk Square 2 12 2-1/4 11-1/2 =_ 1.8 Be 11.4 20.6 
Vane disk Cylindrical 3 6 3 11-1/2 9.6 39.7 94.0 172.0 275.0 
Vane disk Cylindrical 3 8 3 11-1/2 3.4 PERS 68.0 146.0 270.0 
Vane disk Cylindrical 3 12 3 11-1/2 2.0 13.0 41.0 93.0 170.0 
Vane disk Cylindrical 3 15 3 11-1/2 Has! 7.6 23.0 45.0 84.0 
Vane disk Square 3 6 3 11-1/2 5.2 26.0 66.0 125.0 210.0 
Vane disk Square 3 8 3 11-1/2 Re7 1S 40.6 94.0 188.0 
Vane disk Square $3 We 3 11-1/2 0.8 SS 16.2 Sao 65.0 
Marine propeller Cylindrical 3 6 3 11-1/2 0.8 Sad 8.4 15.1 23.5 
Marine propeller Cylindrical 3 8 3 11-1/2 0.2 Lys 4.4 10.5 21.5 
Marine propeller Cylindrical 3 12 3 11-1/2 - 1.6 4.4 8.9 15.9 
Marine propeller Cylindrical 3 15 3 11-1/2 - 1.6 3.9 7A 11.8 
Marine propeller Square 3 6 3 11-1/2 0.9 4.8 12.8 25.0 44.0 
Marine propeller Square 3 8 3 11-1/2 0.1 0.8 25 5.9 12.0 
Marine propeller Square 8 1D, 3 11-1/2 = 0.5 2.4 = " 
Inverted vane disk Cylindrical 3 6 3 11-1/2 8.3 35.6 81.0 133.0 233.0 
Inverted vane disk Cylindrical 3 8 3 11-1/2 4,3 Mes 50.0 120.0 210.0 
Inverted vane disk Cylindrical 3 12 3 11-1/2 2.6 14.1 38.0 TL 138.0 
Inverted vane disk Cylindrical 3 15 3 11-1/2 — San 24.3 5156 88.0 
Inverted vane disk Square 3 6 3 11-1/2 3.4 17.0 43.0 84.0 140.0 
Inverted vane disk Square 3 8 3 11-1/2 - 12.5 40.5 93.6 188.0 
Inverted vane disk Square 3 12 3 11-1/2 1.5 10.5 35.6 81.0 154.0 
Vane disk Cylindrical 4 6 3-3/4 11-1/2 Des, 97.0 
Vane disk Cylindrical 4 8 3-3/4 11-1/2 15.0 87.0 
Vane disk Cylindrical 4 12 3-3/4 11-1/2 8.1 55.2 167.0 373.0 666.0 
Vane disk Cylindrical 4 15 3-3/4 11-1/2 4.7 30.0 89.0 227.0 420.0 
Vane disk Square 4 6 3-3/4 11-1/2 8.0 44.0 120.0 240.0 420.0 
Vane disk Square 4 8 3-3/4 11-1/2 5.9 57.6 212.0 546.0 11 0. 
Vane disk Square 4 We 3-3/4 11-1/2 4.4 27.6 81.0 173.0 308 
FBT-6 Cylindrical 4 6 -3 - 

= : 05.2 227. 
Marine propeller Cylindrical 
Marine Cylindrical 10.4 24.3 43.0 68.0 
Marine propeller Cylindrical 4 12 3-3/4 11-1/2 0.8 120.0 
Marine propeller Cylindrical 4 15 3-3/4 11-1/2 a oe 8.3 17.0 29.2 
Marine propeller Square 4 6 3-3/4 11-1/2 
Marine propeller Square 4 8 3-3/4 10-4 17.5 
Marine propeller Square 4 12 3-3/4 11-1/2 
11.8 
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Table Il. Summary of Power Measurements (Cont’d.) 


Hp per 1000 Gal 


Impeller Type Tank Shape D, In. T, In C, In H, In. 500 Rpm 1000 Rpm  1500Rpm 2000Rpm 2500 Rpm 
Inverted vane disk Cylindrical 4 6 3-3/4 TiS/2 23.0 A 
Inverted vane disk Cylindrical 4 8 3-3/4 13.7 
Inverted vane disk Cylindrical 4 12 3-3/4 11-1/2 10.0 48.6 118.0 220.0 356.0 
Inverted vane disk Cylindicsl 4 15 11-109 34,8 104.0 227.0 422.0 
Inverted vane disk Square 4 6 3-3/4 11-1/2 8.0 44.0 120.0 245.0 420.0 
Inverted vane disk Square 4 8 3-3/4 11-1/2 53 53.0 212.0 546.0 1090.0 
Inverted vane disk Square 4 12 3-3/4 11-1/2 4.4 26.8 81.0 170.0 308.0 
Vane disk Cylindrical 5 12 5 11-1/2 21.9 156.0 488.0 1135.0 - 
Vane disk Square 5 12 5 11-1/2 14.3 89.0 268.0 748.0 1055.0 
FBT-6 Cylindrical 5 6 5 Ma = = = — - 
FBT-6 Cylindrical 5 8 5 11-1/2 25.0 136.0 360.0 740.0 - 
FBT-6 Cylindrical 5 ilps 5 11-1/2 P52 88.5 276.0 681.0 1070.0 
FBT-6 Cylindrical 5 15 > 11-1/2 2h 54.3 131.0 243.0 397.0 
FBT-6 Square 5 6 5 11-1/2 22.0 128.0 350.0 730.0 - 
FBT-6 Square 5 8 5 11-1/2 13.4 72.0 187.5 381.0 670.0 
FBT-6 Square 5 1? 5 11-1/2 Fok 43.7 129.0 276.0 519.0 
Inverted vane disk Cylindrical 5 12 5 11-1/2 17.8 77.8 181.0 340.0 632.0 
Inverted vane disk Square 5 12 5 11-1/2 Uesil 55.0 146.0 284.0 518.0 
5) Power measurements were made by means of a RESULTS 


torque table using compound wound de motors. 
Apparatus is shown in Fig. 1. 

6) AGeneral Radio Variac speed control was em- 
ployed to hold rpm constant and a 631-B1 General 
Radio Strobotac for measuring rpm. 

7) Selective index was calculated from flotation 
results. It was defined as the iron to cobalt ratio in 
the Fe-Cu rougher concentrate divided by the Fe:Co 
ratio in the cobalt concentrate. 

Initial conditioning temperature was ambient. No 
attempt was made to control or record final tem- 
perature. This was treated in another phase of the 
main problem to improve cobalt recovery and/or 
flotation reagent cost at Calera. Studies at 140°F 
had indicated that selectivity was definitely a func- 
tion of the geometry and other physical character- 
istics of conditioning. 

Conditioning time was chosen at 2 hr, based on 
preliminary studies. It was to be investigated in 
more detail after the physical formula was estab- 
lished. 

Air rate was fixed at 1 cfm based on preliminary 
experiments. Its location was beneath the impeller. 
A ring-type sparger was employed with holes spaced 
about 1/2 in. apart and about 1/8-in. diam. 

The choice of pH 8.0 to 8.2 was based on work 
which led to the flotation procedure in Table I. The 
separation was ascribed to the solubility product 
difference between ferric and cobaltic hydroxides. 
Aerative conditioning below a pH of 8.0 prevented 


depression of cobaltite with Z-3 as collector. Higher 


pH than 8.2 resulted in depression of both pyrite and 
cobaltite. A separate study was made of the chemis- 
try involved. 

The flotation procedure in Table I was developed 
during the main investigation. There were indica- 
tions of improved cobalt recovery and reagent cost. 
However, we had no formula for scaling a condi- 
tioner. The plant conditioner was woefully inade- 
quate for this flowsheet which led to the specific 
problem of this paper. 


The data presented in Table II were preliminary. 
They were used to study the rpm vs power relation- 
ship which came out to be substantially linear on a 
loglog plot. 

All calculations were based on data in Table III. 
Some preliminary observations are presented below. 
Selectivity vs Power Intensity: Examination of the 
data in Table III reveals no useful relationship be- 
tween selectivity and power intensity. 

Selectivity vs Froude Number: No useful relation- 
ship is indicated. 

Selectivity vs Power Number: No useful relation- 
ship is indicated. 

Effect of Tank Shape: Data comparing square and 
cylindrical shaped tanks are presented in Table IV. 
(The cylindrical tanks had four baffles spaced at 
90° and projecting a distance of 1/12 the tank diam- 
eter.) 

The results in Table IV show that except for one 
comparison, cylindrical tanks gave better selectiv- 
ities than square tanks whose side dimensions are 
equal to the cylindrical tank’s diameter. 

Effect of Impeller Type: Data in Table V compare 
several impeller types with respect to selectivity 
for a given geometry and rpm. 

The data presented in Table V are too few and 
scattered to be conclusive. They tend to show that 
marine propellers are less effective for the same 
tank diameter and rpm than vaned disks and flat 
blade turbines of the types employed. 

Effect of T and D: Data in Table VI compare several 
sizes of vaned disk impellers and cylindrical tanks 
with respect to selectivity at 1500 rpm. 

These data are not sufficient to be conclusive. 
However, in the opinion of the authors they appear 
to indicate that, as far as selectivity is concerned, 
there is an optimum tank diameter for a given im- 
peller diameter and conversely, an optimum im- 
peller diameter for a given tank diameter. 

Effect of Rpm on Selectivity for Given T and D: Data 
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Table III. Summary of Conditions and Selective Indices Employed in Aerative Conditioning Tests 


Ptg  Selectivi 
Pct Hp per electivity 
2 
Impeller Type Tank Type D,* In. In.  C, In. H, In. Solids Rpm 1000 Gal DN‘/g Index§ 
9.5 
3 Vane disk Cylindrical 4 12 4 11-1/2 15 
Vane disk Cylindrical 0.72 844 3.4 
5 Vane disk Cylindrical 4 12 4 11-1/2 15 500 8.1 aep se 79 
Wf Vane disk Cylindrical 2 A 
Vane\ disk Cylindrical 2 6 - 
Vane disk Cylindrical 2 6 11-1/2 30 1000 
13R Vane disk Cylindrical 5 12 5 11-1/2 15 
15 Vane disk Cylindrical 4 8 4 11-1/2 15 

i 3.60 908 : 
27) Vane disk Cylindrical 3 12 3 11-1/2 £5 1500 40.6 4.85 664 ee 
28 Vane disk Cylindrical 3 1 3 11-1/2 15 1000 13.0 2.16 713 ; 

i indri - 30 1500 94,1 4.85 1410 22.4 
30R Vane disk Cylindrical 3 6 3 11-1/2 ae 
31R Vane disk Cylindrical 8 6 3 11-1/2 30 1000 39.8 2.16 2050 
33 Vane disk Square 3 6 3 11-1/2 24 1500 60.0 4.85 900 20.6 

i 11-1/2 24 1000 26.0 2.16 1340 30.6 
34 Vane disk Square 3 6 3 
35 Vane disk Square 3 6 3 11-1/2 24 500 5.1 0.54 2240 4.7 
37 Vane disk Cylindrical 2 6 2, 11-1/2 30 3000 127.0 13.00 1800 2452 
38 Vane disk Cylindrical 2 6 2 11-1/2 30 2000 55.0 5.78 2690 11.8 
40 Vane disk Cylindrical 2, 8 2 11-1/2 25 3000 112.0 13.00 1590 28.0 
41 Vane disk Cylindrical 2 8 2 11-1/2 D5 1750 28.4 4.42 2032 11.0 
42 Marine propeller Cylindrical 3 6 3 11-1/2 30 1500 8.3 4.85 125 11.0 
46 Marine propeller Cylindrical 6 12 6 11-1/2 15 1000 40.4 4.33 65 8.2 
50 Marine propeller Cylindrical 3 8 3 11-1/2 15 1500 4.2 4.85 63 7.9 
51 Marine propeller Cylindrical 3 8 3 11-1/2 as) 1000 LS 2.16 65 saz 
55 FBT-6 Cylindrical 2) 6 2 11-1/2 30 3000 104.5 13.00 1480 18.3 
56 FBT-6 Cylindrical 2 6 a 11-1/2 30 2000 46.2 5.76 2210 7.6 
oy! FBT-6 Cylindrical 2 6 2 11-1/2 30 1500 2559 3.25 3210 9.4 
58 FBT-6 Cylindrical 2 6 2 11-1/2 30 1000 11,2 1.44 4280 33 
59 FBT-6 Cylindrical 4 8 4 11-1/2 15 500 1 es 0.59 1195 Lay, 
60 FBT-6 Cylindrical 4 8 4 11-1/2 a: 1000 63.7 2.88 827 10.9 
61 FBT-6 Cylindrical 4 8 4 11-1/2 LS 1500 167.0 6.47 643 25.9 
62 FBT-6 Cylindrical 5 8 5 11-1/2 15 1500 316.0 8.09 402 26.8 
63 FBT-6 Cylindrical 5 8 5 11-1/2 15 1000 120.0 3.63 Ses 23.2 
65 FBT-6 Square 2 6 Z 11-1/2 24 1000 4,1 1.44 1565 2.6 
66 FBT-6 Square 2 6 2 11-1/2 24 2000 20.2 5.76 963 4.6 
YD Inverted vane disk Square 3 6 3 11-1/2 24 1500 42.0 4.85 630 15.4 
73 Inverted vane disk Cylindrical 3 6 3 11-1/2 30 1500 80.8 4.85 1215 IEE | 
74 Inverted vane disk Square 4 8 4 11-1/2 15 1500 78.0 6.47 300 15.9 
75 Vane disk Square 4 8 4 11-1/2 15) 1500 2i225 6.47 815 2A.% 
76 Marine propeller Square 4 8 4 11-1/2 1S 1500 12.8 6.47 49 ints 
87 Vane disk Cylindrical 4 6 4 11-1/2 30 1000 97.0 2.88 1258 23.6 
88 Vane disk Cylindrical 4 6 4 11-1/2 30 1500 220.0 6.47 847 27.9 
89 Vane disk Cylindrical 4 6 4 11-1/2 30 2000 405.0 11.50 605 27.0 
90 Vane disk Cylindrical 3 8 3 11-1/2 15 1500 65.0 4.88 975 ue 
91 Vane disk Cylindrical 3 8 3 11-1/2 15 2000 146.0 8.67 923 23:3 
92 Vane disk Cylindrical 3 8 3 11-1/2 15 2250 200.0 10.48 898 14.8 
93 Vane disk Cylindrical 4 WB 4 11-1/2 15 1500 165.0 6.72 1758 18.8 
95 Vane disk Square 4 12 4 11-1/2 15 1500 81.0 6.72 373 8.1 
96 Vane disk Square 4 6 4 11-1/2 24 1500 102.0 6.47 470 18.3 
97 Vane disk Cylindrical 2 6 2 11-1/2 30 1500 33.4 S25 4810 Apa 
98 Vane disk Square 2 6 2 11-1/2 24 1500 11.0 325 1588 Sel 
99 Vane disk Cylindrical 2) 6 2 11-1/2 30 2000 54.0 5.78 2690 10.6 

100 Vane disk Square 2) 6 2 11-1/2 24 2000 22.0 5.78 1060 ths. 
101 Vane disk Cylindrical 2 6 2 11-1/2 30 2250 68.0 ToS: 2290 14.3 
103 Vane disk Cylindrical 3 6 3 11-1/2 30 2000 167.0 8.67 1058 30.7 
105 Vane disk Cylindrical 3 7-1/4 3 11-1/2 20 1500 75.0 4.88 1120 1535 
106 Vane disk Cylindrical 5 10 5 11-1/2 22 1070 260.0 4.16 905 Leo 
107 Vane disk Cylindrical 5 10 5 11-1/2 22 750 92.0 2.04 935 20.8 
108 Vane disk Cylindrical 3} 7-1/4 3 11-1/2 20 1500 75.0 4.88 1120 15.6 
110 Vane disk Cylindrical 5 10 5 11-1/2 oy) 1180 340.0 5.08 875 14.0 
111 Vane disk Cylindrical 4 8 4 11-1/2 22 1900 719.0 10.40 1365 234 
SIron to cobalt ratio in Fe-Cu rougher concentrate divided by Fe:Co ratio in cobalt rougher concentrate. 
tTank diameter for cylindrical shapes and side dimension for squares. 
+The dimensions for P are ft-lb per sec per 1000 gal. 
*Impeller diameter. 
in Table VII summarize the effect on selectivity for in general, selectivity increases with rpm until some 
several combinations of D and T for vaned disk im- maximum and then decreases. In two of the cases 
pellers and cylindrical tanks. above, this maximum has not been reached. Higher 
The results in Table VII appear to indicate that, rpm was not tested due to apparatus limitations. 
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Table IV. Comparison of Selective Index 


Selective Selective 
Index, Cy- Index, 
Impeller Type D, In T, In. Rpm lindricel Square 
Vaned disk 3 6 1500 22.4 20.6 
Vaned disk 3 6 1000 17.3 30.6 
Vaned disk 4 6 1500 27.9 18.3 
Vaned disk 4 12 1500 18.8 8.1 
Vaned disk 4 12 1000 14,9 6.9 
Vaned disk 2 6 1500 Gol Syl 
Vaned disk 2 6 2000 10.6 7.5 
Vaned disk 4 8 1500 33.6 15.9 
Inverted disk 3 6 1500 22.7 15.4 
Flat blade turbine, 
6 blades 2 6 1000 1e323 2.6 
Flat blade turbine, 
6 blades 2 6 2000 7.6 4.6 


Effect of D/T Ratio: The data in Table VII indicate 
that there is no general relationship between D/T 
and selectivity for a given impeller design and rpm. 


DEVELOPMENT OF GRAPHICAL 
RE LATIONSHIP 


The preliminary results obtained in the previous 
section indicated failure to correlate selectivity with 
parameters such as power intensity, Froude number, 
power number, geometry, etc. Some interesting 
observations were made but these were not helpful 
to the solution of our problem. 

After the failure noted previously, we went back to 


the literature and studied the general mixing equation 


developed for liquids by J. H. Rushton, E. W. 
Costich, and H. J. Everett’ and simplified it in 
the following manner. 

Since it had been shown by these authors’ that the 
exponent m in the mixing equation approaches 0 for 
Nre greater than 10,000, this factor could be re- 
placed by unity under such conditions. 

By choosing a given impeller type for study, we 
could lump S, L/D, W/D, J, B/No., and R/No. into 
a constant factor. Then, by maintaining C/D and H 
constant in a series of experiments, the mixing 
equation could be reduced to the form, 


Np =Npy” X (T/p)' x 1/p* x constant. 


Now, if it is arbitrarily assumed for the time be- 
ing that ¢ = 1 and ¢’ = 0, and convert to logarithms, 
the equation becomes 


log Ny X D/T =n log Npy + log constant. 


With this simplification, we then tried to correlate 
our data in Table VII. 
First, selectivity index was plotted as a function 


Table VI. The Effect of D and T on Selectivity 


D, In Selective Index 
2 6 9.0 
2 12 Weg 
3 6 22.4 
3 8 
3 12 Hes) 
4 6 27.9 
4 8 33.6 
4 12 18.9 


Table V. Impeller Type Versus Selectivity 


Impeller Type D, In. T, In. Rpm Selective Index 
Flat blade turbine 3 6 1500 - 
Vaned disk 3 6 1500 22.4 
Inverted vaned disk 3 6 1500 POP 
Marine propeller 3 6 1500 11.0 
Flat blade turbine 4 8 1500 25.9 
Vaned disk 4 8 1500 33.6 
Marine propeller 4 8 1500 Tes) 

Flat blade turbine 2 6 2000 7.6 
Vaned disk 2 6 2000 10.6 


of log Ny, and log Ny Xx D/T, but no correlation was 
found. Then the effect of substituting power intensity 
for power in Np Was considered. This was tantamount 
to assigning a value of —2 to ¢’ and 3 to?¢ instead of 
the earlier values. As a result of this change the 
contour relationship in Fig. 2 was obtained when all 
the data for the vaned disk impellers and cylindrical 
tanks was plotted. A similar relationship was in- 
dicated for the flat blade turbines but insufficient 
data were available for as complete a presentation. 

The relationship in Fig. 2 pointed to the possible 
solution to the problem. It showed that selectivity 
may be a function of Np, and Ny X D/T where Nz is 
the modified factor obtained by using the power in- 
tensity in place of power. Selectivity achieves an 
optimum by interaction of these complex variables. 

The optimal region may be interpreted as in- 
cluding those mixing conditions which tend to maxi- 
mize the differential between cobaltite and chal- 
copyrite-pyrrhotite-pyrite without using modifers 
or conditioning chemicals other than xanthate, pH, 
and air. 

It should be kept in mind that the impeller design 
used in obtaining the relationship in Fig. 2 was for 
a vaned disk impeller. Thus, the data may be ex- 
pected to fluctuate if other factors that were pre- 
viously fixed are varied relative to one another. 


SCALE-UP PROCEDURE 


1) Choose a point in the optimal region and deter- 
mine the rpm for a given impeller diameter from 
the Froude number, using the following relationship: 


Table VII. Effect of Impeller Rpm on Selectivity 


D, In. T, In Rpm Selective Index 
6 500 1.4 
6 1000 2.8 
2 6 1500 8.0* 
2 6 2000 
2 6 2250 14.3 
6 3000 
4 8 500 10.6 
4 8 1000 18.5 
4 8 1500 33.6 
4 8 1900 
4 12 500 3.4 
4 12 750 Ons) 
4 12 1000 14.9 
4 12 1500 18.8 
3 8 1500 15.2 
3 8 2000 23.3 
3 8 2250 14.8 


*Average of two runs. 
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DN’ /g = constant. 


2) From the power number as conventionally de- 
fined, the power necessary to drive the impeller can 
be estimated from the following relationship: 


P, = P, x (N,/N,)° (D,/D,)° 


where P,, N,, and D, are selected from a small 
scale test in the optimal region. N, is calculated 
from the Froude number for a given D,, and P, is 
the estimated horsepower for the scale-up. 

3) From the chosen point in the optimal region, 


let H, stand for pulp height and 7, for tank diameter. 


The remaining factors can be calculated from the 
following relation: 


N'y x D/T = constant. 
In this relation N'»y is the modified power number. 
Thus the equation becomes: 
1000/7.5 (P, g/m T; H, d N; X D,/T,=con- 
stant. 


Now, if we assume that H, = 2T, or some other 
ratio, T, can be calculated. 


| 


Nee —7, 


| 


<— Np 


LLL 


Fig. 2—Selectivity as a function of Froude num- 
ber and power number multiplied by D/T. 
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Thus, with the factors D,, T,, H,, and N, deter- 
mined, we have essentially what is needed for scale- 
up. With other types of impellers, plots correspond- 
ing to Fig. 2 would have to be used. 

It was unfortunate that circumstances at Howe 
Sound Co. prevented the further development of 
these findings. However, if the mill should be 
started up again some day on similar-type ores, the 
information developed could be very useful. 


SUMMARY 


This laboratory study demonstrates the possible 
use of the basic mixing equation as a source for 
developing physical parameters to resolve a con- 
ditioning problem involving air oxidation. It is con- 
ceivable that other systems might employ this 
approach to developing parameters using other 
criteria than selectivity as the basis. 

In this study the problem of aerative conditioning 
to effect a separation between chalcopyrite-pyr- 
rhotite-pyrite and cobaltite was resolved by use of 
xanthate, proper pH, air, and proper choice of mix- 
ing variables. It was shown that for a given impeller 
type and geometry, selectivity is governed by a re- 
lationship between Froude number and power num- 
ber multiplied by impeller: tank-diameter ratio 
wherein the power factor is expressed as power 
intensity or horsepower per unit volume. 
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RECOVERY OF MOLYBDENUM BY LIQUID-LIQUID 
EXTRACTION FROM URANIUM MILL CIRCUITS 


In the solvent extraction process, also referred to as liquid-liquid extraction, 
the clarified uranium-pregnant sulfuric acid leach solution is contacted with 
an organic extractant dispersed in kerosene; the uranium enters the organic 
phase and associates itself with the organic extractants. Simultaneously an- 
tons or cations, as the case may be, leave the organic extractant phase and 
enter the aqueous phase. The two phases are then allowed to separate by vir- 
tue of their immiscibility. Based on the data available, a generalized proce- 
dure for the recovery of molybdenum from the sodium carbonate scrub liq- 
uor of acid leach uranium mills using secondary and tertiary amine extrac- 
tants ts presented, as is another generalized procedure for the recovery of 
molybdenum from the bleed stream of alkaline leach uranium mill circuits. 
Such economic appraisal as can be made at this stage of the development is 


also indicated. 


eer occurs in most uranium ores. Whether 


the uranium is solubilized by the acid leach route 
or by the alkaline leach process, some of the molyb- 


denum present in the ore is solubilized along with the 


uranium. Molybdenum in uranium mill pregant solu- 


tions may cause processing difficulties, among which 


may be mentioned the poisoning of resins, the pre- 
cipitation of organo-molybdenum complexes, or the 
build-up of molybdenum in recycle streams. 

While the uranium milling industry has been suc- 
cessful in applying measures to overcome the prob- 
lems arising from the presence of molybdenum in 
the circuits, such measures nevertheless add to the 
cost of producing uranium yellow cake concentrate. 


Table |. Typical Analysis of a Uranium-Pregnant 
Sulfuric Acid Leach Solution 


Constituent Gpl 
U,O, 1.05 
Mo 0.040 
Fe 1.50 
Cl 0.25 
SO, 20.0 
pH 1.05 
Emf 410 mv 
2.30 
Mo 2.80 
V,0, 1.10 
Cl 1.60 
Na,CO, 39.0 
NaHCO, 20.5 
pH 9.6 


C. J. LEWIS is Manager, Chemical Div., Colorado School 
of Mines Research Foundation, Golden, Colo., and J. E. 
HOUSE is Project Manager, Liquid lon Exchange, Chemical 


Div., General Mills Inc., Kankakee, II|. TP60B72. Manuscript, 
Dec. 16, 1959. New York Meeting, February 1960. Discussion 
of this paper, submitted in duplicate prior to July 1, 1962, will 


appear in AIME Trans., 1962, vol. 223. 


by C. J. Lewis and J. E. House 


Table I shows the analysis of typical uranium preg- 
nant leach solutions. 

Uranium recovery by solvent extraction is pres- 
ently practiced only in conjunction with acid leach 
circuits, and it may be noted that of about 16,000 
tons of uranium ore daily processed by sulfuric acid 
leach, more than half of this tonnage follows the sol- 
vent extraction route. Uranium mills leaching ore 
with sodium carbonate-sodium bicarbonate solution 
(the so-called alkaline leach circuit) do not use 
solvent extraction. In this case the uranium preg- 
nant solution is sufficiently pure to permit the direct 
precipitation of uranium concentrate with subsequent 
recycle of the alkaline leach solution. While solvent 
extraction procedures may be developed which are 
economically attractive for the alkaline leach ura- 
nium process, this has so far not been the case. 

The earlier uranium mill solvent extraction cir- 
cuits used organo-phosphate extraction reagents, 
among which di- 2-ethylhexyl phosphoric acid was 
popular. It should be borne in mind that uranium in 
its sulfuric acid leach solution exists in an equilib- 
rium involving uranium in both anion and cation 
forms: 


UO,** + 


[UO,(SO,),] 


For this reason uranium may be extracted by either 
cation extractors or anion extractors and this is 
likewise true of molybdenum. However, the organo- 
phosphate extractants also load ferric iron which is 
usually present in the uranium acid leach solution. 
For this reason, it is necessary to reduce this solu- 
tion substantially to the ferrous state ahead of sol- 
vent extraction using organo-phosphate reagents. 
The amines, being anion extractors, selectively re- 
ject iron and thus render the iron reduction step un- 
necessary. 

In the solvent extraction process, also referred to 
as liquid-liquid extraction, the clarified uranium- 
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Table II. Organic Extraction Reagents for Use in Solvent- 
Extraction Recovery of Uranium Concentrate 


Amberlite LA-1 
Amberlite LA-2 


Tri-isooctyl amine 
Alamine 336 


Di-2-ethylhexyl phosphoric acid 
Dodecyl phosphoric acid 
Heptadecyl phosphoric acid 


Secondary Amines 
Tertiary Amines 


Organo-Phosphates 


pregnant sulfuric acid leach solution is contacted 
with an organic extractant dispersed in kerosene; 
the uranium enters the organic phase and associates 
itself with the organic extractant. Simultaneously 
anions or cations, as the case may be, leave the or- 
ganic extractant phase and enter the aqueous phase. 
The two phases are then allowed to separate by vir- 
tue of their immiscibility and the organic phase con- 
taining the uranium and other metals is decanted. 
The uranium barren aqueous phase, or raffinate, is 
then usually sent to waste, although it may be proc- 
essed for other values, if desirable. The uranium 
pregnant organic phase is then contacted with an 
aqueous stripping solution, such as a mineral acid, 
acidified sodium chloride, or sodium carbonate, 
which causes a reversal of the process and results 
in the uranium entering the aqueous stripping phase. 
This operation simultaneously regenerates the ex- 
traction reagent in the organic phase which is recy- 
cled back to the extraction operation. The uranium 
concentrate is then recovered from the aqueous 
stripping solution by conventional precipitation, de- 
watering and drying procedures. By adjusting the 
relative volumes of the aqueous uranium pregnant 
feed solution and the aqueous stripping solution, the 
organic volume remaining constant across this cir- 
cuit, it is possible to achieve concentration factors 
as high as 100. A concentration factor of 25 may be 
considered average for the uranium mills using sol- 
vent extraction. 


CH, | + 


Table II lists some of the organic extraction re- 
agents which have been, or are being, utilized in the 
solvent-extraction recovery of uranium concentrate. 

The present solvent extraction procedure for the 
recovery of uranium concentrate from sulfuric acid 
leach solutions is not immune to complications aris- 
ing fromthe presence of molybdenum. Efforts to 
overcome these problems have led to interesting 
possibilities for recovering the molybdenum as a 
marketable concentrate. One such development is 
based on a solvent extraction process using a qua- 
ternary ammonium salt as the organic extractant. 
This reagent, Aliquat 336, is capable of loading mo- 
lybdenum at pH values higher than generally feasible 
with amine-type extraction reagents now in use. 
This presentation will be confined chiefly to data 
arising from the solvent extraction recovery of mo- 
lybdenum from both acidic and alkaline liquors us- 
ing a quaternary ammonium salt, Aliquat 336. 

The structure of Aliquat 336 is shown in Fig. 1. 

A tertiary amine is capable of extracting acid con- 
stituents from an aqueous solution by amine neutral- 
ization, and the amine salt thus functions as a liquid 
ion exchange reagent. The quaternary ammonium 
salt extracts anions by salt formation, i.e., the an- 
ions of the quaternary may be exchanged for other 
anions. A tertiary amine functions only in acidic me- 
dia while the quaternary may function in both acidic 
and basic media. The type of reactions to which ref- 


Fig. 1—Aliquat 336 (tri- 
caprylyl monomethyl am- 
monium salt). R=C,-Cyp- 


1. Extraction by amine neutralization 
(R3N) + (H* + = (R3NHA) 
org aq org 


org aq org 


(RsNHA) + (B~) = (R3;NHB) + (A>) 
org aq org aq 


org aq 


CH, CH, 
(RgN)* AT + (B~) = (R3N)* + 
org aq org aq 


org aq 


(Tertiary Amine) + (Acid) = (Tertiary Amine Salt) 


2. Extraction by ion exchange of amine salts. (Where A~ andB™ are two different anions.) 


(Tertiary Amine Salt) + (Anion) = (Tertiary Amine Salt) + (Anion) 
org aq 


3. Extraction by ion exchange of quaternary salt. (Where A~ and B™ are two different anions.) 


(Quaternary Ammonium Salt) + (Anion) = (Quaternary Ammonium Salt) + (Anion) 


org aq 


Fig. 2—Types of reactions in solvent extraction processes. 


360 


Table Ill. Molybdenum Build-Up in a Recycling Organic Phase* 


Cycles of Organic Recycle Organic Analysis, Gpl 


Flow U,0, Mo 
1 0.016 0.13 
5 0.029 0.24 
10 0.025 0.34 
15 0.049 0.47 
20 0.016 0.72 
25 0.017 1.49 


: 

Operating data from a continuous counter current extraction process 
for the recovery of uranium showing molybdenum build-up on recycle or- 
ganic amine phase, after uranium removal. 


erence has just been made are illustrated in Fig. 2. 
With reference to molybdenum, the principal dif- 
ficulty which may be encountered in conjunction with 

secondary and tertiary amine extractants for ura- 
nium is that molybdenum loads into the amine-kero- 
sene phase but is not completely removed or stripped 
along with the uranium, using the conventional so- 
dium chloride aqueous stripping solution. Instead, 
the molybdenum builds up in the recycling organic 
phase to result in an impractical decrease in the 
uranium loading or in the formation of an insoluble 
molybdenum-amine complex as a third phase. Data 
illustrating this effect is presented in Table III. 

Uranium mills using amine extractants have found 
it expedient to bleed off a portion of the recycling 
organic phase immediately after the uranium strip- 
ping operation and ‘‘scrub’’ or strip this bleed 
stream separately with an aqueous solution of about 
10 percent sodium carbonate. This treatment com- 
pletely removes the molybdenum as a sodium salt of 
a molybdenum anion species, while the regenerated 
amine-organic phase is then returned to the recy- 
cling organic stream. A balance is thus obtained 
between the molybdenum being loaded from fresh 
uranjum-molybdenum pregnant feed solution, the 
molybdenum which can be tolerated in the recycling 
organic without formation of third phase or interfa- 
cial precipitate and the molybdenum being removed 
by the sodium carbonate scrub of the organic bleed 
stream. Data indicating the molybdenum tolerance 
level of a tertiary amine extractant in typical ura- 
nium mill solutions is illustrated in Table IV. 

In all cases where secondary and tertiary amines 
are used as extractants in uranium mill circuits, 
uranium extraction is carried out in an acid media, 
since these extractants will not load uranium at pH 
values much above pH 4.0. Likewise, the sodium 
chloride solutions used for stripping uranium from 
the loaded amine phase are usually acidified with 
sulfuric acid to a pH of about 2.0. In other words, 
the secondary and tertiary amines now used load 


Table V. Effect of pH in the Extraction of Molybdenum by 
Aliquat 336, Using Sulfur Dioxide Gas for pH Adjustment 


Table IV. Molybdenum Tolerance of Organic Solvents 
Containing a Tertiary Amine* 


Organic Phase 


Molybdenum Tolerance, 
Composition, Vol. Pct 


Mo per Gpl 


2.5 Amine 
3.0 Isodecanol 
94.5 Kerosene 


5.0 Amine 


3.0 Isodecanol 
92.0 Kerosene 


10.0 Amine 
10.0 Isodecanol 
80.0 Kerosene 


0.20 


0.40 


*Alamine 336. 


both uranium and molybdenum from acid solutions 
and may be stripped of uranium by acidified salt 
solutions. However, the amines must be stripped of 
their retained molybdenum by alkaline solutions. 

For this reason, the molybdenum reporting in the 
aqueous sodium carbonate strip is discarded for lack 
of a practical means to further recover molybdenum. 
This is particularly so because, in order to re-ex- 
tract the molybdenum from its alkaline solution using 
the same secondary or tertiary amine extractant, it 
would be necessary to neutralize the alkalinity in or- 
der that the molybdenum could be reloaded on the 
acid side. Because these molybdenum solutions are 
dilute, the costs of neutralizing acid required per 
unit of molybdenum involved has so far been found 
economically prohibitive. 

The quaternary ammonium salt, Aliquat 336, indi- 
cates considerable promise as an extraction reagent 
for recovering molybdenum from these alkaline solu- 
tions. This is because Aliquat 336 shows good selec- 
tivity toward molybdenum under alkaline conditions 
or at pH values higher than are presently possible 
utilizing secondary and tertiary amine extractants. 

Studies now in progress indicate that molybdenum 
hereto wasted can be recovered from the aqueous 
sodium carbonate scrub solution of the bleed stream 
of the recycling amine extractant phase at costs 
which appear economically attractive. Moreover, 
there is a strong indication that when the alkalinity 
of the molybdenum solution must be neutralized, this 
can be done with an acid gas, such as sulfur dioxide 
or carbon dioxide in place of mineral acids. To elab- 
orate, the circuits of most uranium mills using 
amine extractants employ acidified sodium chloride 
as the stripping solution for uranium. When a por- 
tion of the amine system is scrubbed with sodium 
carbonate, the resulting aqueous solution contains a 
chloride salt as well as the molybdenum. Since the 
presence of the chloride ion substantially reduces 
the loading capacity of the quaternary at higher pH 


Table VI. Effect of pH on Recovery of Molybdenum from an 
Alkaline Uranium-Barren Solution 


pH Extraction, Pct 

Raffinate Analysis, Extraction, 
6.0 8.6 pH Mo per Gpl Pct Mo 
18.8 
533 81.6 11.8 1.29 49 
4.6 95.8 9.8 0.67 RY 
3.5 98.9 9.3 0.43 71 


36] 


= 


Table VII. Effect of pH on Loading Capacity of Aliquat 336 
Using Sulfur Dioxide Gas for pH Adjustment 


Table IX. Use of an Oxidizing Stripping Reagent for the Control 
of Molybdenum Poisoning of Aliquat 336 (Quarternary Extractant) 


Loading Capacity of Aliquat 336, Cycles of Circulating Load of 
pH Mo per Gpl Organic Molybdenum* in 
Flow Organic Phase, Mo per Gpl 
Hes) 0.60 
6.4 2.07 8 0.061 
6.0 3.61 0.309 
50 0.470 
0.620 
85 0.802 
Table VIII. Effect of pH on Thionate Poisoning During 86 0.576+ 
Extraction of Molybdenum with Aliquat 336 96 0.406+ 


Loaded Organic Analysis, Gpil 


pH Na28203 Mo 
7.4 3220 0.80 
5.5 0.35 4.00 


values, it has been found necessary to neutralize the 
aqueous molybdenum scrub solution to a pH of about 
5.0 in order to obtain efficient molybdenum extrac- 
tion. While such neutralization requires much less 
acid than would be necessary if the pH were low- 
ered to approximately 2.0 in order that secondary 
or tertiary amines could load molybdenum, the nec- 
essary acid for neutralization is a substantial addi- 
tion to the over-all cost of molybdenum recovery. 
Hence, it is considered a particular economic advan- 
tage that acid forming anhydrides, such as SO,, can 
be used for this purpose. 

Typical data arising from the use of Aliquat 336 
as an extractant to recover molybdenum concen- 
trate from an actual waste scrub solution of a ura- 
nium mill is summarized in Table V. 

These studies have also led to an investigation of 
the recovery of molybdenum from the bleed stream 
of the alkaline leach uranium mill circuit. As pre- 
viously indicated, the alkaline leach circuit does not 
involve solvent extraction. Although Aliquat 336 will 
load uranium on the alkaline side, its use for this 


Sodium Carbonate 
Scrub Solution 


*Not responding to removal during conventional stripping. 
tOxidizing stripping reagent used in place of conventional alkaline 
sodium chloride stripping reagent. 


purpose is of scant interest at present. This is be- 
cause Aliquat 336 would also load molybdenum along 
with uranium and an effective separation of the ura- 
nium and molybdenum under these conditions appears 
too costly. However, after the uranium has been 
substantially precipitated from its alkaline leach 
solution, the recovery of the molybdenum from the 
recycle alkaline stream appears economically feas- 
ible. Since chlorides are substantially absent in 
these solutions, Aliquat 336 may be applied directly 
to a bleed stream of the recycle leaching solution 
immediately following recarbonation subsequent to 
uranium precipitation. The molybdenum thus ex- 
tracted into the organic phase may be recovered in 
an extremely pure form, such as calcium molyb- 
date. 

Based on data arising from these studies, it ap- 
pears that the molybdenum loading capacity of Ali- 
quat 336 is affected not only by chloride content, but 
also by the pH value of the aqueous molybdenum so- 
lution involved. Data illustrating this latter obser- 
vation appears in Table VI. 

There is some latitude as to the most desirable 
pH value for extracting molybdenum from the alka- 


Recycle Organic Phase 


Aliquat 336 : 500 g/l 
Organic Phase 1.5M NaCl | CaCl, 
14g/1NaOH_ | 
pH Three Three | Calcium 
SO, Adjustment Stage Stage | Molybdate 
to Stripping Precipitation 18-35¢/Ib Mo 
H)SO, 4.5 Unit Unit 6-8¢/lb Mo 
5-15¢/lb Mo 1-2¢/lb Mo 6-10¢/lb Mo 
Mo Barren Mo Aqueous 
Waste Concentrate 
0.1-0.3 g/l Mo 30-50 g/l Mo 
Final 
CaMoO, 
Product 
40-45% Mo 


Fig. 3—Generalized procedure for the recovery of molybdenum from a sodium carbonate scrub solution of 
acid leach uranium mills using amine extractants. Solid lines are aqueous flow and dotted lines are organic 
flow. Cost figures are rough estimates based on limited data available at the time of this presentation. 


362 


| 


Molybdenum 
Pregnant 


Bleed Stream 2M NaCl 150 g/l H,SO, 500 g/l CaCl, 
3.0-6.0 g/l Mo 

Aliquat Four Stage Three Stage Two Stage Calcium 
336 Extraction Stripping Chloride Molybdate 
Organic Unit Unit ——-» Removal Unit Precipitation = 
| Recovered 

1-3¢/lb Mo 8-12¢/lb Mo 10-25¢/Ib Mo : 7-10¢/lb Mo 

| 

| Mo Barren Mo Aqueous Final 

| Recycle to Concentrate | CaMoQ, 

| Uranium Leach | 

20-30 g/l Mo | Product 

7 -3-0.5 g 35-45% Mo 


Fig. 4—Generalized procedure for the recovery of molybdenum from a uranium-barren alkaline leach cir- 
cuit. Solid lines are aqueous flow and dotted lines are organic flow. Cost figures ave rough estimates 
based on limited data available at the time of this presentation. 


line bleed stream solution using Aliquat 336. If it is 
desired to recover practically all of the sodium car- 
bonate recycle bleed stream, pH adjustment can be 
made using the CO, of the recarbonation step. How- 
ever, this involves a greater volume of organic 
phase with reference to the volume of aqueous phase 
being treated. If it is feasible to waste the sodium 
values in the bleed stream, it is then possible to 
neutralize with sulfuric acia or sulfur dioxide prior 
to molybdenum extraction. This latter procedure 
enhances the molybdenum loading capacity of the 
Aliquat and permits less organic phase inventory in 
the circuit. These observations are illustrated in 
Table VII. 

The solution impurities which thus far appear sig- 
nificant to the recovery of molybdenum from ura- 
nium mill solutions using Aliquat 336 are thionates 
and certain anion species of molybdenum itself. 
Thionates appear to be the controlling impurity with 
respect to the efficiency of the quaternary ammo- 
nium extractant. 

Thionates are generated from sulfur-containing 
bodies during the leaching of the uranium ore with 
sodium carbonate-sodium bicarbonate material. 
These thionates, of the general formula NaySyO,, 
represent an incomplete oxidation of the sulfur; they 
do not precipitate during the uranium precipitation 
step, but recycle with the alkaline leach solution. 
The quaternary ammonium extractant loads thionates 
selectively over both uranium and molybdenum. As 
a consequence, the loading capacity of the quaternary 
ammonium extractant for molybdenum is severely 
affected in the presence of high thionate concentra- 
tion. In the studies now in progress, it appears that 
thionate concentration in excess of two parts thionate 
to one part molybdenum requires that the molyb- 
denum pregnant bleed stream be first acidified in 
order to decrease the loading of thionates. Data il- 
lustrating this condition is presented in Table VIII. 

With respect to molybdenum there appears to be 
an anion species, probably molybdyl molybdenum, 
which loads on to the quaternary ammonium extrac- 
tant and is most difficult to remove during the mo- 


lybdenum stripping operation. The investigation of 
the poisoning of Aliquat 336 by some molybdenum 
anion species is in its early stages, and data is 
meager. It appears that such poisoning, when it oc- 
curs, is slow, and may be controlled or even elim- 
inated by the use of an oxidizing agent in the strip- 
ping solution or as a Separate treatment on the re- 
cycling organic phase. From the data in Table IX, 
the slow build-up of molybdenum which does not re- 
spond to molybdenum stripping from an Aliquat 336 
organic phase may be noted, as well as the sharp 
reduction of this build-up to an acceptable limit as 
the result of adding an oxidizing reagent to the 
aqueous stripping solution. 

Based on the data available, a generalized proce- 
dure for the recovery of molybdenum from the so- 
dium carbonate scrub liquor of acid leach uranium 
mills using secondary and tertiary amine extrac- 
tants is presented in Fig. 3; and another generalized 
procedure for the recovery of molybdenum from the 
bleed stream of alkaline leach uranium mill circuits 
is presented in Fig. 4. Such economic appraisal as 
can be made at this stage of the development is also 
indicated on these diagrams. Much additional work, 
however, yet remains in order to more clearly de- 
fine the effect of the variables involved and to obtain 
more refined economic data. It is probable that each 
separate solution involved will require its own proc- 
ess refinement. No doubt the recovery of molyb- 
denum from uranium mill circuits will become an 
item of increasing interest, not only because of the 
purity and variety of final molybdenum products 
which can be realized, but also because the compet- 
itive situation with respect to uranium yellow cake 
production may change as present uranium milling 
contracts expire. 
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DETERMINATION OF PARTICLE SIZE DISTRIBUTION 


BY X-RAY ABSORPTION 


A homogeneous suspension is viewed by X-rays. The radiation density seen, 
affords a measure of the extra absorption due to the solids contained. This 
vadiation density, at a predetermined depth, varies with time. The chart of 
this relationship gives the desired determination. 


A: it is frequently necessary to know the distribu- 
tion of particle sizes in various products used in 
industrial applications, a number of means have 
been devised for these determinations. Some of 
them include direct microscopic measurement, 
screening of product, extraction of samples from a 
settling slurry, air and liquid elutriation, adsorption 
of gases and liquids, and light absorption. 

The absorption of light as a means for particle 
size analysis has been known and employed for some 
time. X-ray absorption has not received the atten- 
tion that light has enjoyed primarily because of the 
complex and costly instrumentation involved with 
X-rays. In 1954, Brown and Skrebowski! suggested 
the use of X-rays for this type of determination but 
did not supplement their suggestion with experiment. 
In 1958, the authors conducted size analysis experi- 
ments on suspensions of quartz with the Trans- 
viewer,” an X-ray unit specifically adapted for sedi- 
mentation research, and Ross? conducted experi- 
ments in a similar manner in 1959 with a stable 
gamma emitter, Am**!, on suspensions of uranium 
oxide. 

To illustrate the applicability of X-ray absorption 
for analyzing particle size distributions, an essen- 
tially mono-energetic and well collimated X-ray 
beam was used as a source. The beam was made 
mono-energetic by placing a zirconium filter before 
the counting window together with feeding the pulses 
from the proportional counter into a reverter, a de- 
vice capable of discriminating against pulses of va- 
rious heights. 

The sketch in Fig. 1 shows the collimation ar- 
rangement in more detail. 

As shown, the X-ray beam was collimated by in- 
serting a 3/8-in. ID pipe into one of the ports of the 
X-ray tube and further by two small steel plates 
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with slits 3/32-in. wide and 1/2-in. long placed in 
front of the window of the Geiger- Mueller (G-M) 
tube. One of the plates was located 1/2 in. and the 
other 2 1/2 in. from the window of the counter; 
both plates were contained in an aluminum holder 
mounted on the box containing the G-M tube. This 
type and degree of collimation should eliminate any 
intensity due to scattered radiation; the transmitted 
intensity would then be solely a function of the ab- 
sorption by the suspension at that level. 

Experimentally, homogeneous suspensions of 
finely ground quartz were prepared, Daxad (a sulfo- 
nated compound made from wood) was added as dis- 
persant, and the transmitted X-ray intensity meas- 
ured as a function of time at a fixed depth in the sus- 
pension. In more detail, the experimental procedure 
involved the following: 1) measuring the transmitted 
X-ray intensity through the Daxad solution at a pre- 
determined position or settling depth in the absence 
of solids, 2) placing a known amount of dry solids 
into the vessel and agitating thoroughly, 3) measur- 
ing the transmitted X-ray intensity at time zero 
(i.e., immediately upon cessation of stirring), and 
4) measuring the transmitted X-ray intensity as a 
function of time (a 10-sec counting interval being 
chosen and counting being started 5 sec before the 
desired time). 

Since a linear relationship exists between percen- 
tage solid in a slurry and the logarithm of transmit- 
ted intensity for a homogeneous material, the cumu- 


Fig. 1—Details of collimation arrangement. Letters 
indicate: A, X-ray tube (molybdenum target); B, 
steel pipe; C, settling vessel; D, zirconium filter; 
E, steel slits; F, aluminum holder; and H, propor- 
tional counter, 


|| 


Table I. Relationship Between Elapsed Settling Time and 
Cumulative Percentage Finer for Three Experiments With the 
Same Suspension With Relatively Low Intensity X-Rays 


Cumulative Percentage Finer 


Elapsed Settling 


Time, Min Run 1 Run 2 Run 3 
1 79.1 80.5 79.1 
2 65.9 65.5 65.4 
4 50,2 51.0 
5 45.9 
6 ~ 42.1 42.4 
8 36.7 37.9 
10 33.4 33,1 
20 23.9 24.3 - 
35 18.1 — 17.7 
60 1333 13.6 132 
86 10.8 
114 9.8 
120 8.8 


*Dashes indicate measurements not made at the elapsed settling 
time listed. 


lative fraction finer than size (d) can be calculated 
by the following relationship 


_ Loglp Log Is 
Log Iy — Log Ig 


where J, is the transmitted intensity through Daxad 
solution in the absence of solid, Jy is the transmitted 
intensity through slurry at time zero, Jp is the 
transmitted intensity through slurry at time ¢, dur- 
ing settling, and y is the cumulative fraction finer 
than size (d) at time fj. 

This expression follows from the well established 
intensity relationship :* 

Hy px 


where /J, is the intensity of incident beam, / is the 
intensity of transmitted beam, x is the distance trav- 
ersed, (u/p) is the mass absorption coefficient, and 
p is the density of material (pulp density in this 
case). Particle sizes were calculated from Stokes’ 
Law,° which states that 


where d is the particle diameter, v is the settling 
velocity of particle of diameter d, yp is the viscosity 
of liquid, p, is the specific gravity of solid, p; is 
the specific gravity of liquid, and g is the gravita- 
tional constant. 

As relatively concentrated slurries were used (on 
the order of 10 pct solids by volume), settling veloc- 
ities required correction for hindered settling phe- 
nomena. The settling velocities or particle diame- 
ters were consequently corrected by the following 
relationship :® 


d= 


(d?\(p, - PL)g 


v= (1-7 ?24)(1 y)(1 - 2.57) 18 


where v is the settling velocity of particle diameter 
d, y is the volumetric percentage of solid, and g, 
Ps, Py» and p are the same as stated previously. 
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Fig. 2—Relationship between cumulative percentage 
finer and particle size for three runs with the same 
suspension with low intensity X-rays. Legend: X, 
run No. 1; triangle, vun No. 2; and circle, run 
No. 3. Specifications:1500 cu cm Daxad solution; 
460 g quartz; 7.5 cm settling depth; tempera- 
ture, 23°C; and distance traversed by X-rays, 7.8 
cm. The settling vessel, made of plastic, was rec- 
tangulary in shape, 15 cm long by 7.8 wide by 38 cm 
deep. 


EXPERIMENTAL RESULTS 


To determine the reproducibility of the experi- 
mental results, three experiments were conducted 
with the same suspension. That is, after one exper- 
iment, the same suspension was thoroughly agitated 
and the experiment repeated. 

As shown by Table I which lists cumulative per- 
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PARTICLE SIZE (microns) 
Fig. 3—Relationship between cumulative percentage 


finer and particle size. 
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centage finer for three experiments with the same 
suspension as a function of time, the reproducibility 
is excellent when relatively low intensity X-rays 
are used. In these experiments, the transmitted in- 
tensity through the Daxad solution was 21,532 counts 
per sec, while the transmitted intensity through the 
maximum solids concentration (at time zero) was 
1665 counts per sec. Dashes have been placed in the 
table where measurements were not made at the 
elapsed settling time listed. 

The data found in Table I together with other data 
not listed have been charted in Fig. 2 as the loga- 
rithm of cumulative percentage finer as a func- 
tion of the logarithm of particle size. 

However, in another series of experiments in 
which a glass settling vessel was used (a 2-1 gradu- 
ated cylinder), the reproducibility of results was 
poor. This was due to the fact that greater initial 
X-ray intensities had to be used to obtain a trans- 
mitted intensity on the order of 30,000 cps through 
the relatively thick glass walls of the vessel and 
also the Daxad solution. As the initial intensity is 
increased, the effect of the solid content of the pulp 
is diminished. 

Additional experiments were run on suspensions 
encompassing wider size ranges. Fig. 3 shows the 
data for one such experiment in which a maximum 
particle size of about 80u and a minimum size of 
ly was present. 
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SUMMARY 

The effectiveness of X-ray absorption for analy- 
sis of particle size distribution is indicated by the 
experimental results obtained. This technique 
should be useful for size distribution deter mina- 
tions down to a particle size of the order of 10A 
(the order of the wavelength of X-rays), but due to 
practical experimental limitations, the lower limit 
would probably be more of the order of 1000A. To 
approach a value of 1000A within reasonable set- 
tling times, some means other than gravitational 
acceleration would have to be employed, centri- 
fugation being the obvious vehicle for this. 

The reproducibility of the results listed in Table 
I reflects the stability of the X-ray source, the 
degree of mixing, and also the degree of disper- 
sion in the slurry. 
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ENERGY ASPECTS OF SINGLE PARTICLE CRUSHING 


A unique compression testing machine was constructed to load individual 1/8 
to 1-in. spheres of glass, etc., at rates from 100 to 100,000 lb per min, Dur- 
ing loading the applied load was continuously plotted vs the deformation of the 
sphere-platen system. The load-deformation curve conjorms to the theory of 
elasticity. The spheres were surrounded by steel retaining rings or by gela- 
tin (to prevent secondary fracture). The product size modulus was determined 
from screen analyses. 

The data shows: 1) Energy input per unit mass is inversely proportional to 
the product size modulus (or directly proportional to the surface area per unit 
mass). 2) Increased loading rates slightly increase the energy input per unit 
mass required for fracture without affecting the preceding relationship. 

Theory and experiments show that much of the input strain energy is trans- 
formed into kinetic energy of fragments at fracture, this being a reason effi- 
ciencies based on ‘‘surface energies’’ are exceedingly small. This large kine- 


tic energy component is usually dissipated as heat but may be partially re- 
claimed because impact of fragments against the surface of steel retaining 


yings causes additional comminution. 


here are currently several theories of crushing, 

all of which can be derived from the general energy 
equation of Gilliland’ as was pointed out by Mitchell et 
al in 19547 and more recently by Rose and Sullivan.® 
If the exponent of the equation dE~x "dx is assigned 
values of 2,1, or 3/2, one obtains by intergration be- 
tween suitable limits, the equations of Rittinger,* Kick,” 
and Bond,° respectively. Other investigators” ° 
prefer to let the exponent be a variable parameter. 

To help resolve the controversy, the Allis-Chal- 

mers Research Laboratories set up a series of 
carefully controlled experiments in which the level 
of energy input required to induce the comminution 
of a single particle by slow compression loading 
was very accurately measured. The energy input 
requirement, in conjunction with the size analysis of 
the fragments produced at fracture, yielded an ac- 
curate energy-product size relationship for the 
conditions studied. 


APPARATUS 


The experimental apparatus was designed to apply 
a compressive load on opposite sides of an ‘‘ideal 
particle.’’ Spherical shapes were chosen, because 
point contact loading is typical of the mechanics of 
conventional crushers. The bulk of the experimental 
data was obtained with glass spheres because glass 
is a fairly homogeneous, brittle material for which 
the properties follow definite statistical distribu- 
tions. The spheres ranged from 7, to 1-in. diam. 

The compressive load was applied to the speci- 
men at a uniform rate by a loading mechanism (Fig. 
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1) which acted through a system of levers. The uni- 
form rates, ranging from 100 to 100,000 lb per min, 
were obtained by metering water into a bucket sus- 
pended at the end of the secondary level. Point con- 
tact was made with the sphere through tungsten- 
carbide platens. This latter material is extremely 
hard and has a high modulus of elasticity, thereby 
having a minimum of distortion when loaded. 

The actual load on the sphere was measured inde- 
pendently of the lever system by a load cell, Fig. 2, 
which was designed so that the voltage output of the 
load cell would be proportional to load. The defor- 
mation of the specimen was indirectly measured by 
a pair of transformers which were attached to oppo- 
site edges of the upper platen. The cores of the 
transformers, which were attached to the lower 
platen, moved relative to the transformer so that the 
voltage output was proportional to the deformation of 
the sphere-platen system. 

The load was plotted against the deformation on an 
X-Y recorder. The area under the curve, as shown 
on Fig. 3, was proportional to the energy input of the 


Fig. 1—Slow compression apparatus. 
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Fig. 2—Assembly of crushing chamber. 
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system up to the instant of fracture. Immediately 
after fracture, no additional energy could be supplied 
to the system because of a stop that was used to pre- 
vent additional movement of the platens. 

The apparatus is more fully described elsewhere.” 
However, it should be noted that this appratus is 
unique in several respects. It has the advantages of 
continuous controlled loading, an adjustable rate of 
loading, continuous recording of both load and de- 
formation, and has harder platens than apparatus de- 
scribed in the literature such as that used by Axel- 
son.’ The curves of load plotted against deformation 
for compression of spheres in the apparatus corre- 
spond much closer to the theoretical exponential re- 
lationship, load ~ deformation?” (derivation follows) 
than similar curves constructed from data for 
spheres presented by Kenny.’ It would appear that 
this is the first apparatus in which the energy val- 
ues recorded by the apparatus consist only of the net 
energy going into the actual crushing system. This 
eliminates the requirement of previous machines of 
introducing correction factors for bearing efficien- 
cies, hydraulic piston friction, etc. The energy was 
measured directly and was not derived from a com- 
parison of the deformation of a crusher component 
such as a special wire, with the deformation of a 
presumably identical part under a known energy in- 
put.?3 


LOAD-DEFORMATION THEORY FOR SPHERES 


The shape of the load-deformation curve can be 
predicted from a consideration of the theories of 
Hertz as summarized by Timoshenko. Timoshen- 
ko** shows that the deformation between two curved 


surfaces 
2 
This equation states that the deformation is a func- 
tion of the mutually applied load, P, the respective 
radii, R, and R,, (in the case of the sphere-platen 
system, the platen is a curved surface of infinite 
radius) and the respective physical properties of 
Poisson’s ratio, v, and Young’s modulus of elas- 
ticity, Y. The deformation is therefore proportional 


368 


Fig. 3—Typical load vs 
deformation chart. Shape 
of curve (arrow to solid 
line) indicates that load 
is proportional to 3/2 
power of deformation. 
The arrow to the dotted 
curve indicates 3/2 power, 
calculated. The original 
chart was drawn to half 
scale. Area of drawing 
reduced approximately 
50 pet in reproduction. 


to the 7/, power of the applied load, or conversely, 
the applied load is proportional to the *, power of 
the deformation. The shape of the load-deformation 
curve obtained with this machine, as shown on Fig. 3 
conforms to this relationship and has therefore been 
taken as an indication that the data obtained with this 
apparatus is valid. 

The area under the load-deformation curve, which 
corresponds to the energy input to the sphere-platen 
system, can also be predicted from the above equa- 
tion. The energy input, Z,, which exists when a load 
P causes a deformation A is given by the integral of 
the load acting through the appropriate distance 

E,= f[Pda. [2] 
An expression for dA can be given in terms of P 
from Eq. 1. This allows the integral to be evaluated 
between the limits of 0 and P. The test sphere, how- 
ever, is loaded at not one but at two points of contact, 
i.e., at both ends of a diameter, and hence the total 
energy input, E, is twice the energy input at each end, 


or 2/3 1/9 
= Y, M 


3453 LBS. 


ENERGY INPU 
= 18.46 IN.-LB.\) 


DEFORMATION =12.71 X 107 IN. 


LOAD AT FRACTURE 


where the radius of the sphere is given in terms of 
the mass, M, of the sphere and the density, p. The 
energy input to the system calculated from this 
equation corresponds to the energy measured from 
the area under the load-deformation curve. A trans- 
position of terms in Eq. 3 yields 


EM‘ 4 1- v2 


ps/s 5 


4 


2/3 
=H 
[4] 
where H is a constant for a given set of physical 
constants, v,p,and Y. The value of H determined 
from the physical properties of the tungsten-carbide- 
glass system, was in the middle of the range of val- 
ues as determined from the experimentally meas- 
ured quantities, E, M, and P. This indicates that the 
experimentally measured quantities are of the proper 
order of magnitude. 

The energy considered in these equations has been 
the total energy input into the sphere-platen system 
prior to fracture. Most of the energy is stored in the 
sphere and some in the platens. From Eq. 3, which 
involves the term [(1- v,?)/Y, + (1— v,2)/Y,], it can 
be shown that the energy stored in the sphere and 
platens respectively, prior to fracture, is propor- 
tional to the relative magnitude of the quantities 
(1—,”)/Y, and (1- v,?)/Y,, that is, about 89 and 11 
pct are stored in the sphere and platens, respec- 
tively. The energy distribution after fracture is un- 
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Fig. 4—Method of determining Kyo as illustrated by 
average screen analyses for 1-in. diam glass 
spheres crushed ina steel chamber and within 
gelatin. 


known and may depend on statistical distributions. 
For simplicity, the energy quantity used in the cor- 
relations with product size was the entire energy in- 
put to the sphere-platen system. (The energy of the 
fragments only, immediately after fracture is prob- 
ably between 89 and 100 pct, or roughly 95 pct as an 
average, of the entire energy input to the sphere- 
platen system.) This source of error is too small to 
significantly affect the overall correlations but may 
be a source of minor variations in the results for 
any particular crushing system. 


TESTING PROCEDURE 


A series of ten or more spheres was broken by 
slow compression at each operating condition. Each 
sphere was either placed inside but not contacting a 
steel retaining ring assembly, or it was molded 
within a gelatin retaining ring. The sphere in its re- 
taining ring was centered between the platens. Load 
was then applied until fracture occurred. After each 
sphere was broken, the fragments were carefully re- 
moved from the retaining ring assembly and the size 
distribution was determined. A special washing pro- 
cedure was required for analyzing the samples which 
had been broken within gelatin retaining rings. Less 
than 0.5 pct of the weight of the sphere was unac- 
counted for in the size analysis. 

The size distribution was plotted as log percent- 
age passing vs log particle size, and the fragment 
size modulus K,,,, in microns, was determined by 
the extrapolation of the linear portion of the plot to 
the 100 pct passing ordinate, as shown on Fig. 4, in 
the manner of Schuhmann*® and Charles.® 

The energy input for each ball was determined by 
graphical integration of the load-deformation chart. 
The level of energy input was then plotted against 
the fragment size modulus on log-log paper. It was 
observed that the data for each series of presum- 
ably identical spheres which had been crushed in an 
identical manner, were distributed in a straight line, 
as shown on Fig. 5. These straight lines had nega- 
tive slopes approaching unity. 
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Fig. 5—Total energy input to crushing zone, ©, vs 
product sizé Kyo, as functions of nominal ball diam- 
eter, D, and rate of loading in a steel retaining ring. 


EFFECT OF PARAMETERS ON PLOTTED DATA 


Experiments were made which showed that the lo- 
cation of the plotted points was not affected by the 
annealing of the spheres prior to crushing nor by 
small changes in the geometry of the steel crushing 
chamber. It was found that the rate of loading also 
had little effect on the energy-product size relation- 
ship for the glass spheres. The location of the 
straight line remained the same whether the rate of 
loading was 100; 1,000; 10,000; or 100,000 lb per 
min. However, the position of the data points along 
this line did change slightly with the rate of loading. 
An increase in the energy requirement for fracture 
was observed as the rate of loading was increased. 
This effect of an apparent decrease in strength with 
increased duration of load possibly is associated 
with the effects of adsorbed moisture observed by 
Stanworth?® and Charles.” 


KINETIC ENERGY EFFECT 


The only parameter (other than mass of the 
sphere) which significantly affected the location of 
the curves was the medium in which the crushing 
was accomplished. In the initial experiments the 
crushed product was retained in a simple collecting 
device, i.e., the steel retaining ring, which sur- 
rounded (but did not contact) the sphere while it was 
being crushed. When the retaining ring was not used, 
the fragments flew in all directions. It was ob- 
served that these fragments were larger than those 
previously collected in the steel retaining chamber. 

Gilvarry?® had suggested that the fragments of a 
fractured particle may possess kinetic energy of 
sufficient magnitude that impact of the fragments 
against the walls of the crushing chamber may re- 
sult in secondary comminution. In order to elimi- 
nate secondary comminution, additional experiments 
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Fig. 6—Plot of energy input per unit mass vs the 
size modulus for the experimental conditions and ac- 
cording to the equation &/M = G/Kyoo. 


were performed in which the fragments were re- 
tained in gelatin (suggested by B. H. Bergstrom). 
The difference in product size distributions for 
spheres broken in the steel chamber compared to 
those broken in gelatin is shown on Fig. 4. No ref- 
erences were found in the literature on comminu- 
tion theory which recognized the existence of a ki- 
netic energy component (greater than 30 pct of en- 
ergy input?*) large enough to produce secondary 
comminution. 


ENERGY-INPUT PRODUCT SIZE EQUATIONS 


It was observed on the energy-product size charts 
Fig. 5, that the slopes of all the plotted lines were 


very close to minus unity, and that a slope of minus 
unity would satisfactorily describe each relationship. 
The location of the plotted lines for spheres of dif- 
ferent sizes crushed in steel retaining rings were 
displaced from each other by some function of the 
sphere size or mass. Similar displacements were 
noted for the spheres crushed in gelatin. Conse- 
quently the data were replotted as energy per unit 
mass against product size modulus. This plot, Fig. 
6, shows two overall linear trends, one for glass 
crushed in steel retaining rings and the other for 
glass crushed in gelatin. On this plot the parameters 
of rate of loading, annealing, etc. (explained previ- 
ously), have been averaged out of the data. This plot 
shows that the energy requirement per unit mass to 
crush a particular size of sphere is the same for 
both techniques (note that points for balls of the 
same diameter lie on the same ordinate), and that 
the smaller spheres require a greater energy input 
per unit mass than the larger spheres. The slope of 
each series of spheres closely follows the slope of 
the overall trends, namely minus unity. 

In order to mathematically describe these rela- 
tionships, regression equations were computed re- 
lating the energy per unit mass with the product size 
from 139 samples collected in the steel retaining 
chamber and 56 samples collected in gelatin. Both 
regression equations (of the type plotted on Fig. 5) 
had to be calculated from the data for each retaining 
ring because neither the value of the energy input 
nor the value of the product size modulus could be 
controlled during the experiments. These two pairs 
of regression equations, tabulated in Table I, have 
slopes relative to the abscissa ranging from —0.9116 
to -—1.1049. 

A statistical test?® shows that there is no signifi- 
cant difference in the slopes of these lines and that 
neither is significantly different from a value of -1. 
Therefore, the assumption appears to be justified 
that the true slope of an infinite population would be 
minus unity. The equations, when written with a 


Table I. Energy per Unit Mass-Product Size Relationships 


Nominal No. of Retaining r, ici 
, Coeff t of 
Diam, In. Spheres Ring Regression Equations Core 
1/8 10 Steel 
1/4 10 Steel 
1/2 40 Steel 
5/8 29 Steel 
3/4 10 Steel 
1 Steel 
139 Steel log E/M = 3.4828 —0.9116 log K 
8 
*log = 3.7928 — 1.0186 0.9636 
1/8 10 Gelatin 
1/2 10 Gelatin 
il 36 Gelatin 
56 Gelatin log E/M = 4.5159 — 1.0415 log Kyo 
tlog Kio = 4.3213 —0.9051 log E/M 0.9709 
Equations Assuming Slope of Minus One 
All Sizes 139 Steel log E/M = 3.7862 —log K oq 
Koes 
All Sizes 56 Gelatin log E/M = 4.3463—log Koo or & _ 22,200 
M 


*This is equivalent to log E/M = 3.7235 —0.9817 log K 
tThis is equivalent to log E/M = 4.7744 — 1.1049 log K 
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slope of minus unity and transformed to arithmetic 
coordinates, are E/Mgtee, = 6,112K and E/Mge\ 
= 22,200/K 1) for which 95 pct of the values on one 
axis should lie between 92 and 109 pct of the corre- 
sponding value on the other axis. These relation- 
ships, in the form E/M~1/K, 9, state that the en- 
ergy input per unit mass varies inversely as the 
product size modulus. 

The value of the coefficients in the foregoing equa- 
tions is indicative of the efficiency of the crushing 
operation. For example, consider the case of a 1-in. 
diam glass sphere crushed to a Kyo Size of 6,350 y 
(Y- in.) within a steel retaining ring (a reduction 
ratio of four). If crushed within a gelatin retaining 
ring, the same amount of energy would be required, 
but the size modulus of the fragments would be 
23,100 pw (0.91-in.)—a reduction ratio of only 1.1. 
The secondary reduction obtained in the steel re- 
taining ring was achieved through an effective utili- 
zation of the kinetic energy in the fragments. 


RELATIONSHIPS FOR MATERIALS 
OTHER THAN GLASS 


Similar experiments have been conducted with 
spheres other than glass. These materials were 
single crystal sapphire (loaded along the C axis) and 
polycrystalline quartz. Although the number of spec- 
imens broken was smaller than for glass, relation- 
ships similar to those for glass were obtained. En- 
ergy input per unit mass was found to be inversely 
proportional to the product size modulus, E/M ~ 
1/K 9, for both sapphire and quartz. 


COMPARISONS WITH PUBLISHED DATA 


Much data in the literature can be plotted in a form 
which shows that it conforms to the relationship that 
energy input per unit mass is inversely proportional 
to product size modulus. For example, Charles® pre- 
sents some impact data of his own for pyrex and also 
presents some of the impact data of Hukki” for a 
variety of minerals. This data has been plotted as 
energy per unit mass against product size modulus 
in Fig. 7. Although individual curves had slopes 
slightly different from minus unity, the general 
slopes of those lines indicate that E/M~1/Ky). The 
similarity of the plots to this relationship suggests 
that the energy-product size correlation which exists 
for the high rates of loading of these impact tests is 
the same as that for slow compression. It appears 
that the relationship applies not only to single parti- 
cle crushing but also to a single impact of several 
particles. Also, it would appear that there is no es- 
sential difference between loading the random points 
of contact of natural minerals and idealized spheri- 
cal contact points. 

The equations derived in this paper resemble the 
Rittinger proportionality in that energy input per 
unit mass is inversely proportional to produce size, 
E/M~1/K,.. This form can be derived from the 
general energy equation of Gilliland’ d(E/M) 
=-—Cx~-"dx, if an infinite feed size is assumed and n 
is assigned a value of 2, the exponent for the Rittin- 
ger equation. 


fo) 
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Fig. 7—Data of Hukki’® and Charles® as presented 
by Charles and compared with present data for 
spheres. 


SUMMARY AND CONCLUSIONS 


An apparatus has been developed which allows a 
slow compressive load to be applied to single spher- 
ical particles at predetermined rates. This appara- 
tus has been shown to function satisfactorily in that 
load-deformation plots obtained with it agree with 
the theoretical equations governing elastic bodies in 
contact, and the plots provide an accurate measure 
of the energy applied. 

From energy measurements and size distributions 
of the fragments after fracture, it was found that the 
energy was inversely proportional to the product size 
for a given size of glass sphere. 

From many energy measurements of several sizes 
of glass spheres and the size distributions of the 
fragments after fracture, it was found that the 
smaller spheres required a greater energy input per 
unit mass for fracture than the larger spheres and 
that the energy input per unit mass required for 
fracture was inversely proportional to the product 
size. This relationship, E/M ~1/K, 9), was also found 
to apply to sapphire and polycrystalline quartz. Com- 
parisons with published data show that this relation- 
ship is valid for natural shapes as well as for 
spheres, for crushing by impact as well as by slow 
compression, and for a single impact of several 
particles as well as for single particle crushing. 

The rate at which the spheres were loaded in the 
range of 100 to 100,000 lb per min appeared to af- 
fect the above relationship only as it affected the 
magnitude of the energy required for fracture but 
did not change the energy-product size relationship. 
The more rapid the rate of loading, and thus the 
shorter the time until fracture, the larger the amount 
of energy required for fracture. However, this in- 
crease in energy was less than 200 pct for a 1000- 
fold variation in rate of loading. 
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The equations which describe the data for the 
glass spheres are E/M = 6,112/K,,, for spheres 
crushed within the steel crushing chamber and E/M 
= 22,200/K,,, for the spheres crushed in gelatin 
when the energy is in inch-pounds, the mass in 
grams and the size modulus in microns. These re- 
lationships on a log-log plot have negative slopes of 
one. Both equations show that the energy per unit 
mass required for fracture is inversely propor- 
tional to the product size modulus. The variation 
in the proportionality constant reflects the effect of 
the crushing environment. However, the environ- 
ment, whether a steel crushing chamber or gelatin, 
did not affect the average energy requirement for 
fracture of spheres of equal diameters. 

The fragments from the spheres broken in gelatin 
were much coarser than the fragments of similar 
spheres broken within the steel enclosure. The frag- 
ments immediately after fracture possess consider- 
able kinetic energy which for the spheres broken in 
gelatin was entirely dissipated as heat as the frag- 
ments were decelerated. For the spheres broken in 
the steel enclosure, this kinetic energy was partially 
utilized for secondary fracture as the fragments im- 
pacted against the surrounding steel wall. The mag- 
nitude of the kinetic energy and its utilization for 
secondary comminution has not been reported pre- 
viously in the literature. 

The energy-product size correlation obtained, 
E/M ~1/Ky9, resembles the Rittinger equation. The 
experimental condition, however, was the free 
crushing of single particles, thereby isolating a par- 
ticular crushing situation which may occur within a 
crusher. Although this equation may not be applica- 
ble to overall crusher conditions where many more 
variables must be considered, it may reflect the 
proper relationship for each individual crushing 
event within the crusher. 
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KINETIC ENERGY EFFECT IN SINGLE 


PARTICLE CRUSHING 


When glass spheres are crushed by slow compression loading, the outer lune- 
shaped fragments resulting from the fracture consistently fly outward at high 
velocity. About 45 pct of the strain energy fed into the sphere-platen SYS- 

tem reappears in the form of the kinetic energy possessed by these fragments. 
These measurements were obtained from high-speed photographs. This ki- 
netic energy can be utilized for additional comminution if the fragments are 
allowed to impact against a suitable structure. 


Ce theory has advanced considerably in 
recent years by the study of this unit operation 
under laboratory conditions.”* Some of the para- 
meters have been isolated, but the experimental 
measurements of the pertinent quantities, such as 


energy, particle size, etc., are still only made prior 


to and after the conclusion of a fracture sequence. 
The catastrophic fracture process itself has not 
been adequately studied from a comminution point 
of view. 

It has recently been suggested by Gilvarry° that 
the fragments which result from the free crushing 
of a single glass sphere by slow compression con- 
tain a considerable amount of kinetic energy after 
fracture. This kinetic energy, if properly directed, 
possibly can be partially utilized to cause additional 
fracture. In this paper a hypothesis will be pre- 
sented which suggests that this kinetic energy is 
necessarily present and that its dissipation is the 
process by which a large part of the thermal energy 
imparted to the crushed product is generated. 
Evidence supporting the existence of kinetic energy 
and its utilization for secondary fracture will also 
be presented. 


THEORETICAL 


A previous paper’ has shown that the load-defor- 
mation curve of a system composed of an elastic 
sphere gripped by a pair of parallel platens, can be 
predicted by a consideration of the theories of 
Hertz as summarized by Timoshenko.° The defor- 
mation A, of one half of the system is given by 


A = Ys [1] 
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St. Louis Meeting, February 1961. Discussion of this paper, 
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in AIME Transactions (Mining), 1962, vol. 223. 


by B. H. Bergstrom and C. L. Sollenberger 


which states that the deformation is a function of the 
mutually applied load, P; the radius of the sphere, 
R; and the respective physical properties of 
Poisson’s ratio, v, and Young’s modulus of elas- 
ticity, Y. The shape of experimental load-deforma- 
tion curves conform to this relationship. 

The energy input to the sphere-platen system, 
can be predicted from the integral of the load acting 
through the appropriate distance, dA. Since dA can 
be evaluated in terms of P from the derivative of 
Eq. 1, this integral can be integrated between limits 
of 0 and P. The test sphere, however, is loaded at 
not one but at two points of contact, i.e., at both ends 
of a diameter, and hence the total energy input, £, 
is twice the energy input at each end, or 

5/3 2/3 2 2\ 2/3 


4 


The energy input to the system calculated from this 
equation corresponds to the energy computed from 
the measured area under the load-deformation 
curve. 

Timoshenko, considering the impact of two per- 
fectly elastic spheres, has shown that the inter- 
penetration distance A is given by 


as modified for the special case where one sphere 
is of infinite radius, i.e., its surface is a plane; 
where M is the mass of the finite sphere of radius 
R, and V is the velocity of approach at the start of 
an impact and also equals the final velocity of 
separation for perfectly elastic bodies. Because 

A is also a function of the load and the elastic 
properties, as shown in Eq. 1, the velocity, V, can 
also be calculated in terms of the elastic proper- 
ties and maximum load, P, or 


pié 4 1/2 3 1/3 
v = (5) (a) 


373 


—— 
= 


Yi Y2 


When a sphere is broken between a pair of paral- 
lel platens, only two small portions of the sphere 
are in contact with the two platens. Let it be 
assumed that the fragments of the sphere consist 
of these two small polar portions which include the 
areas of contact and several large ovange-slice or 
lune- shaped fragments from the outer portion of 
the sphere plus finer broken fragments from the 
core of the sphere. Let it be assumed further that 
only the two polar portions receive any velocity on 
recoiling from the platens (which are assumed to 
be stationary), and the the remaining fragments 
possess no kinetic energy at the instant after frac- 
ture. If the rather small amount of energy trans- 
formed into surface energy is neglected (estimated 
at from less than one to a very few percent’), and 
continuing the assumption of perfectly elastic 
particles, the kinetic energy of each of the two 
polar portions can be calculated. 

The mass of one of these polar portions is a frac- 
tional part, XM, of the total mass, M, of the sphere. 
The velocity of this one polar portion on recoiling 
from the platen is 


5/6 1/2 1/3 2 
R* (XM) 5 4 Y; 
1/3 
(5] 


The kinetic energy, K.E., of this one polar portion 
is therefore 


K.E. = 1/2 (XM) V’ [6] 


or 


prs 4)(3)"" vr 
K.E. =1/2 4 


1 - 
Yo 


But there is another similar polar portion in contact 
with the other platen at the moment of fracture. 
Therefore, the total kinetic energy imparted to 
these two polar portions is 


pee 4) 3 2/3 
K.E. Total = (tee 


pe 
Yo 


[8] 


Because this expression is identical to the total 
strain energy of the sphere-platen system prior 

to fracture as given in Eq. 2, it can be concluded 
that the total kinetic energy content of the frag- 
ments immediately after fracture includes the 
strain energy stored in the deformed platens prior 
to fracture as well as the strain energy stored in 
the sphere. This suggests that the strain energy 

of the deformed regions of contact of the platens is 
fed into the fragments of the sphere during the frac- 
ture process even if there is no relative motion be- 
tween the platens themselves. 
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2.IN THE INITIAL STAGE OF FRACTURE 
CRACKS DIVIDE SPHERE INTO “ORANGE 
SLICE” SHAPED FRAGMENTS, POLAR 
CONES, ETC. EACH FRAGMENT 
CONTAINS SOME STRAIN ENERGY. 


1, BEFORE FRACTURE, ELASTIC ENERGY 
1S STORED IN THE SPHERE —-PLATEN 
SYSTEM. 


THESE FRAGMENTS RECOIL FROM 
THE PLATENS AND RECEIVE THE 
STRAIN ENERGY PREVIOUSLY STORED 
IN THE PLATENS, WHICH IS NOW 
TRANSFORMED INTO KINETIC ENERGY. 


VT 


. LUNE SHAPED FRAGMENTS CONTAIN 
ABOUT HALF OF INITIAL SYSTEM 
ENERGY AS KINETIC ENERGY. THIS 
IS AVAILABLE TO CRUSH THE LUNES 

AGAINST SUITABLE 


3. CONSIDER THESE FRAGMENTS ONLY: 
IN ADDITION TO THEIR STRAIN 
ENERGY CONTENT; 


| 


5. THE STRAIN ENERGY OF ALL THE 
FRAGMENTS IS RELEASED AS KINETIC 
ENERGY. THE FRAGMENTS COLLIDE 
AND TRANSFER ENERGY. 
eat OF KINETIC ENERGY BECOMES 
H 


BY IMPACT 
SURFACES. 
Fig. 1—Hypothetical steps in the fracture process 
of a sphere. Note: The size of the fragments, etc., 
zs not to scale. 


The two recoiling polar portions can be assumed 
to act as conical wedges which drive the lune-shaped 
fragments apart as if an explosion had occurred, as 
diagrammed on Fig. 1. The fragments should be 
distributed in all directions such that the location of 
their combined center of gravity is unchanged, and 
the kinetic energy is unchanged but is redistributed 
so that the lunes possess the greatest velocity. It 
would also be expected that the velocity of all the 
lunes would be substantially the same. 

In real materials, however, the foregoing assump- 
tions are not realized. Although the compressive 
stresses are greater near the areas of contact, the 
entire sphere is in a state of stress, not only the 
two portions in the vicinity of the areas of contact. 
When this strain energy is suddenly released, each 
fragment slips and pushes against its neighbors, so 
that by an interplay of reactions, the outer frag- 
ments receive the greater impetus. If the contacting 
portions be considered as large as hemispheres, it 
is clear that the total kinetic energy content of all 
the fragments still would be given by Eq. 8, if per- 
fect elasticity is achieved. Because the coefficient 
of restitution of real materials is less than unity, 
an energy loss is implied. There are also sub- 
stantial kinetic energy losses in the transferral of 
energy from each fragment to its neighbors. This 
friction effect converts the kinetic energy into heat. 
The thermal energy thus generated may be con- 
siderable. Moreover, Eq. 8 gives only the ideal 
translational kinetic energy, whereas the energy 
transfer operation may also result in some rotational 
kinetic energy. Therefore, the translational kinetic 
energy finally possessed by the lunes is probably 
considerably less than that given by Eq. 8. This re- 
maining translational kinetic energy is available for 
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Fig, 2—Oblique view of a loading device. 


causing additional fracture if the fragments are 
allowed to impact against a suitable structure. 


EXPERIMENTAL APPARATUS 


Because it was believed: 1) that the primary frag- 
ments possessed considerable kinetic energy and 2) 
that secondary fracture could occur, it was desirable 
to obtain direct evidence of these phenomena. Pho- 
tographs of these events would provide the direct 
evidence which would confirm their existence. 

High speed motion picture photographs were taken 
of a fracture sequence in the lever arm compres- 
sion testing machine previously described.* These 
photographs showed that the fragments after frac- 
ture possessed considerable kinetic energy. How- 
ever, the geometry of this device was not favorable 
for taking pictures of secondary fracture against a 
retaining ring. Therefore, a new device, specifically 
designed to permit photography, was constructed. 

In the new device, Fig. 2, the test specimens, 
1-in. diam soda-lime glass spheres, were located 
in the center of a 5-11/16-in. diam, 1-1/2-in. high, 
steel retaining ring. If a compressive load on the 
sphere were applied normal to the plane of the re- 
taining ring, it would be expected that fragments from 
the broken sphere would fly outwards and impact 
against the walls of the surrounding retaining ring. 
The best vantage point from which to view the frac- 
ture sequence would be along the axis of loading. 
However, structural elements through which the 
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Fig. 3—Assembly of hydraulically operated com- 
pression testing machine. 
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load would be applied would also have to be located 
along this same axis and would block out some of 

the action from view. To solve this problem clear 
glass was used as a structural element. This special 
piece of tempered plate glass was 8 in. in diam and 
1-1/4-in. thick. The glass plate was seated in a steel 
frame so that the observation port was 6 in. diam. A 
1/8-in. thick, 3/8-in. diam tungsten-carbide platen 
was cemented to the center of the underside of the 
glass plate. This upper platen served to distribute 
the load over an area of the glass plate and thus 
reduce the stresses in the glass plate. 

As a precautionary measure because it was not 
certain that the glass plate would survive the ex- 
perimental conditions, a steel plate was substituted 
in the initial experiments. This steel plate, of the 
same overall dimensions as the glass plate, was cut 
to form the letter H. A tungsten carbide platen was 
also cemented to the center of the underside of the 
crossbar of the H. When 1-in. diam spheres were 
loaded by the H frame, much of each sphere was 
visible prior to fracture because the crossbar and 
the legs of the H were only 1/2 in. wide. 

Load was applied to the sphere by means of a 
small hydraulic jack built into the apparatus below 
the sphere. Between the sphere and the jack was a 
tungsten-carbide platen, mounted on a circular plat- 
form on a load cell. The recorder for the load cell 
was too slow to faithfully respond to the rapid rates 
of loading employed in certain experiments. There- 
fore, a pressure recorder, with adequate response, 
was connected to the hydraulic system. The pres- 
sure recorder was calibrated in terms of the load 
cell calibration. 

Below the retaining ring was a surface onto which 
the fragments would rest when all their kinetic 
energy had been dissipated. A 3-in. diam central 
portion of this surface could be raised or lowered. 
The lower platen protruded through a hole in the 
center of this adjustable surface. The platform on 
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Fig. 4—Fvracture sequence of a sphere. 


which the lower platen was mounted was designed to 
strike the underside of the adjustable surface, which 
served as a stop, as shown in Fig. 3. The elevation 
of this surface was adjusted so that no excessive 
movement of the platen was permitted after frac- 
ture. The load, which was transferred to the stop 
after fracture, was carried by structural compo- 
nents exclusive of the glass plate (or the substitute 
H frame) so as to avoid restressing the glass plate. 

Sixteen millimeter motion pictures were taken with 
a high speed camera which could attain frame speeds 
up to 3200 per sec. The field of view, which encom- 
passed the entire window, also included an identify- 
ing numeral and a mirror image of a disk rotating 
on the shaft of a 3600-rpm synchronous motor. The 
angular position of a radial line drawn on the disk, 
as it appeared in successive frames, served asa 
timing device. 

Because each 100-ft roll of film was exhausted 
within 2 sec, it was necessary to load the sphere at 
a very rapid rate so that the fracture would occur 
within that period. Synchronization was accomplished 
by a trial and error procedure with the manually 
operated hydraulic jack. 


EXPERIMENTAL RESULTS 


When the motion picture film strips were studied, 
they definitely confirmed the existence of kinetic 
energy and secondary fracture. Enlargements from 
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The frame speed was 2520 per sec. 


a representative sequence are shown on Fig. 4. This 
sequence was obtained at a camera speed of 2520 
frames per sec. The frames immediately preced- 
ing frame No. 1 are all identical to frame No. 0. The 
transparent character of the sphere shows that no 
network of visible internal cracks develop prior to 
fracture. (Some thin flakes near both poles of the 
sphere but outside the area of contact often do spall 
off at a time prior to the catastrophic fracture. 
These encircling spalling fractures probably are 
similar to circular tension fractures described by 
Roesler® for glass plates, because the angular 
measurement of the included half angle of the conical 
frustum after spalling, shown on Fig. 5, is similar to 
his value of 68°). 

After about 50 ft of practically identical frames, 
the very next frame, 0.4 m-sec later, shows that the 
sphere was fractured into several large fragments. 
The apparent diameter of this assemblage of frag- 
ments is already about 40 pct larger than the origi- 
nal sphere diameter. This apparent diameter in- 
creases as the fragments fly outwards, as shown 
on frames No. 1 through 12; hence all of the larger 
fragments have substantially the same outward 
velocity. Note, also, that these fragments appear 
to remain coplaner; no fragment is observed to 
strike the H frame or the surface beneath the re- 
taining ring. Visual examination for scratches of 
these parts, which had been sprayed with black 
paint, indicated that only the retaining ring had 
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Fig. 5—Typical spheres after spalling. The first photograph (left) shows a typical area of contact after 


spalling and the second (right) is a side view of the sphere after spalling. X25, 


been impacted by the fragments. The scratches on 
the retaining ring were grouped in a band centered 
at the elevation of the equator of the sphere and 
were uniformly distributed with respect to the cir- 
cumference of the retaining ring. 

Because the major fragments travel outwards, 
very little material after fracture remains in the 
original location of the sphere. This is apparent 
commencing with about the tenth frame. The only 
particles remaining near the site of the original 
sphere are the small fragments which were near the 
axis of the sphere. 

Less than 6 m-sec after fracture, as shown in 
frames No. 12 and 13, the major fragments strike 
the retaining ring, and secondary fracture begins. 
The fact that secondary fracture has occurred is 


CENTIMETERS 

Fig. 6—Fragments from a typical sphere. No sec- 
ondary fracture was permitted for this sphere. 
Lunes arranged according to their relative position 
in the sphere. Photograph reduced approximately 50 
pct in veproduction. 


most clearly observed on frames No. 14 and 15, as 
the refractured materials rebound from the sites of 
impact and separate into individually distinguishable 
pieces. After secondary fracture, the paths of the 
fragments no longer tend to be coplaner, but depart 
from the impact sites in all directions, some up- 
wards and others downwards. 

After the secondary fracture, the velocity of the 
fragments is so greatly reduced that not much 
further action occurs. The fragments are thrown 
around within the chamber, colliding with each other 
and with the walls. With each collision, their kinetic 
energy is apparently reduced so that in less than 0.5 
sec after fracture all the fragments are at rest on 
the lower surface of the crushing chamber, on 
which they appear to be randomly distributed. 

The velocity of the major fragments after the 
primary fracture was substantially the same for 
each fragment and was calculated from the photo- 
graphs to be about 39 fps. Inasmuch as these frag- 
ments contain about 90 pct of the mass of the sphere, 
the sum of the translational kinetic energies of these 
fragments was half of 90 pct of the mass of the 
sphere times the square of the velocity, approxi- 
mately. This kinetic energy was 11.3 in.-lb for this 
sphere or 0.56 in.-lb per g. (Because the calculated 
time interval for recoil of the polar portions is on 
the order of 1 to 10 m-sec, it is improbable that the 
fragments after fracture would receive significant 
additional kinetic energy from the platens which 
have a relatively greater intertia.) The strain 
energy of the sphere-platen system just prior to 
fracture was estimated from data to be about 19.0 
in.-lb or 0.93 in.-lb per g. The ratio of the kinetic 
energy to the strain energy is therefore about 59 
pet. This indicates that at least this much of the 
strain energy of the system does not appear as 
thermal energy (heat) immediately after fracture. 
However, as the fragments decellerate to zero vel- 
ocity, much of this kinetic energy is also converted 
into thermal energy. Surface energy, sonic, and 
vibrational energy, etc., comprise the rather small 
fraction of the initial strain energy which is not 
eventually converted into thermal energy. 

Schellinger® states that at least 81 pct of the 
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energy input of a ball mill is finally degraded to 
thermal energy and quotes” similar values obtained 
by Fahrenwald in laboratory ball mills and by Cook 
in stamp mills. Zeleny® shows that most of the 
energy input to single particle impact crushing is 
finally degraded into thermal energy, and gives 84 
pet as the median value of this ratio for five ex- 
periments on pyrex spheres. 

Examination of the fragments from a crushing 
operation on a sphere where secondary fracture 
was prevented shows that the larger fragments 
from the primary fracture are in the shape of lunes. 
Fig. 6 illustrates in an exploded view how typical 
fragments would fit together. Besides the lunes, 
there are numberous smaller particles which 
originated from the core of the sphere. Upon care- 
ful inspection, at least one of the two small por- 
tions which had been in contact with the platens can 
usually be identified. These portions appear to be 
roughly of conical shape analogous to the fracture 
cones described by Nadai.'' The area of the base of 
these cones appears to coincide with the area of 
contact, and the material in these portions appears 
to be a compacted mass of fine fragments. Spheres 
which have been unloaded prior to fracture, but after 
spalling, do not show any fracture networks in these 
polar regions. 

In other experiments, the camera was operating 
at a frame speed sometimes slower and sometimes 
faster than the 2520 frames per sec found for the 
foregoing sequence at the instant of fracture. How- 
ever, the data for the different experiments are 
quite similar as shown on Table I. Some of the 
spheres fractured at a greater strain energy level 
than other spheres. The kinetic energy of the frag- 
ments from these various spheres appears to be 
related linearly to the level of strain energy at 
fracture. The ratio of kinetic energy to initial 
strain energy appears to be a constant with an 
average value of 45 pct. 

A previous paper* shows that much of the size 
reduction obtained when a ball is crushed in a steel 
retaining ring is not obtained when the ball is 
crushed in gelatin. The kinetic energy correspond- 
ing to this amount of size reduction is apparently 
degraded directly to heat when the ball is crushed 
in gelatin. 

The magnitude of the kinetic energy observed 
leads to the conclusion that even simple crushing 
by slow compression can be a complex process. 
Apparently the energy input which exists as strain 
energy prior to fracture is transformed mainly into 
kinetic energy plus new surface energy plus some 
thermal energy in the first stage of crushing. The 
fragments have a substantial amount of kinetic 
energy which, on impact, can be transformed into 
further size reduction plus a lesser amount of 
kinetic energy plus additional heat. These fragments 
can undergo further impact until the kinetic energy 
is completely dissipated. Whether or not a par- 
ticular fragment will be comminuted at each im- 
pact depends in part on the magnitude of the kinetic 
energy it possesses as well as on the physical prop- 
erties of the fragment and of the breaker plate. 
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Table I. Kinetic and Strain Energy Data from 
High Speed Photographs 


Fragment Kinetic Energy Strain Energy Ratio of 
Sphere* Velocity, Per Unit Mass, Per Unit Mass, Kinetic to 
No. ps In.-Lb per G In.-Lb per G Strain Energy 

2 26 0.24 0.56 0.44 
3 38 0,52 1.18 0.44 

4 28 0.30 0.66t 0.45t 

5 39 0.56 0.93t 0.59t 
41 0.60 0.43 
8 41 0.63 1°23 0.43 
9 41 0.62 1,25 0.50 
10 37 0.50 1.04 0.48 
0.45 


Average excluding starred values 


*Spheres are nominally 1-in. diam. Weight of spheres: 19,59 to 


QL 
+tBest estimate from incomplete data. 


These factors are important in the design of crush- 
ing devices. 


SUMMARY AND CONCLUSIONS 


When a glass sphere (an idealized particle) is 
crushed, practically all of the strain energy which 
goes into the sphere-platen system may reappear as 
kinetic energy during the fracture process. A 
hypothesis has been given which appears to indicate 
that this energy is a necessary consequence of 
elastic theory. This hypothesis states that when the 
sphere fractures, each fragment slips and pushes 
against its neighbors. In addition, the portions in 
contact with each platen receive kinetic energy im- 
pulses equal in magnitude to the strain energy in 
the respective platens, assuming perfectly elastic 
materials. Because of this interplay of forces, the 
lune-shaped fragments are driven apart at a high 
velocity which was found to be on the order of 40 
fps. Much of the kinetic energy of the fragments is 
degraded into thermal energy in the transmittal of 
energy to the lunes. However, the lunes still re- 
tained about 45 percent of the total energy input in 
the form of kinetic energy. 

It was also observed for glass spheres that much 
of the kinetic energy of the lunes can be utilized to 
cause additional fragmentation if these lunes im- 
pact against a stationary breaker plate. Although 
this had been previously inferred from size distribu- 
tion studies under different crushing conditions, the 
photographs presented herein are definite proof of 
the existence of secondary fracture. Secondary 
fracture, therefore, may be a factor: which should 
be considered in the design of commercial crushers. 
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FRACTURE AND COMMINUTION OF BRITTLE SOLIDS 


(THEORY AND EXPERIMENT} 


The first part of this paper describes a new approach to the problem of en- 
ergy relationships in fracture and comminution. The basic theoretical method 
used (as contrasted to previous empirical or semi-empirical approaches) is 
an attempt to verify or disprove the hypothesis of von Rittinger. In the second 
part of the paper, theoretical conclusions for the three headings of single 
fracture, plural fracture, and comminution are tested. Agreement between 
theory and experimental results is demonstrated. 


by J. J. Gilvarry and B. H. Bergstrom 


PART |. THEORY 


he classical hypotheses on the energy relationship 

in brittle fracture are those of von Rittinger! — 
that the energy required is proportional to the new 
surface formed — and the alternative one of Kick.? 
Over the years, repeated attempts have been made 
to discriminate experimentally between the two as- 
sumptions, or to replace both of them, as has been 
done by Bond.* However, no semblance of agree- 
ment seems to exist among different investigators. 

This paper is the first in a series essaying a new 
approach to the entire problem of energy relation- 
ships in fracture and comminution. The purpose of 
this program of research is to verify (or disprove) 
the hypothesis of von Rittinger. In contrast to pre- 
vious empirical or semi-empirical approaches to 
the problem, the basic method adopted is theoret- 
ical. The prime aim is to determine the distribu- 
tion function for fragment size theoretically and to 
verify the predicted distribution experimentally. 
This approach should make possible determination 
of the total surface of the particles by integration 
over the corresponding distribution function; one 
may hope that this direct procedure will yield more 
definitive results than use of gas adsorption or other 
methods. The surface area so obtained can then be 
compared with experimental energies, as obtained 
by Bergstrom, Sollenberger, and Mitchell,* for ex- 
ample. 

It is convenient to distinguish between single frac- 
ture, plural fracture, and comminution. Single frac- 
ture of a brittle solid is defined as fracture by an 
external stress system which is removed instantly 


J. J. GILVARRY and B. H. BERGSTROM are with Research 
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(Mining), 1962, vol. 223. 
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and permanently when fracture is initiated. Plural 
fracture consists of single fracture of the original 
specimen, followed by a sequence of only a few sec- 
ondary fractures; comminution differs in that the 
sequence of secondary fractures consists of a large 
number of repetitive steps. For single fracture, 
Gilvarry® has given a rigorous derivation of the 
proper distribution function for fragment size, based 
on a closely defined physical model and deduced 
strictly by the laws of probability. Gilvarry and 
Bergstrom® have compared the predictions of the 
theory with experiment, and have found excellent 
agreement. 

The prior work of Gilvarry and of Gilvarry and 
Bergstrom considers only single and plural fracture. 
The purpose of the present paper is to extend the 
discussion to the case of comminution. For prefa- 
tory purposes, the theory of Gilvarry for single 
fracture will be outlined. The considerations will 
then be applied to the cases of plural fracture and 
comminution. 


SINGLE FRACTURE 


The derivation is based on the Poisson law.” For 
points distributed with mean density y over a domain, 
this law states that the probability p(¢)dt of one point 
lying in the range ¢ to ¢ + dt with none in the inter- 
val 0 to? is 


p(t)dt = ye~vt dt. [1] 


For this distribution to be valid, it is necessary and 
sufficient that the points be distributed at random, 
individually and collectively in the sense of Fry.’ 
The former qualification requires that the position 
of one point be independent of another, and the latter 
implies that the probability of a region containing a 


particular number of points is independent of the 
number in a different region. 

The distribution function for fragment size in 
single fracture is obtained on the basis of Griffith’s 
theory of brittle strength (which postulates crack 
propagation when pre-existent flaws are activated 
by stress).® Three assumptions are made, that: 1) 
fracture proceeds by activation of flaws in the vol- 
ume of the specimen, in fracture surfaces through 
the specimen, and in the edges produced by inter- 
section of fracture surfaces; 2) the corresponding 
volume, facial, and edge flaws are distributed inde- 
pendently of each other; and 3) activated flaws of a 
particular type are distributed at random, individ- 
ually and collectively, in the sense of Fry.’ These 
assumptions yield directly and uniquely the proba- 
bility dp(l, s, v) of formation of a fragment with to- 
tal edge length, total face area, and total volume in 
the ranges / tol +, dl,s tos +ds,andvtov+dv, 
respectively, as 


dp(l, s, v) =e" [2] 


in the general case, with Q linear in 1, s, v. The der- 
ivation yielding this Poisson form requires no as- 
sumption on the shape of a fragment or the type of 
fracture surface. Analytically, Q is given by 


[3] 


Q= yl + + 
where y;, y,, and y, represent the mean linear, 
areal, and volume densities of activated flaws in the 
edges, faces, and volume of a fragment, respectively. 
Physically, the argument Q is the expected number 
of activated flaws of any type over an interior domain 
of the specimen during fracture. Eq. 2 represents a 
generalization of the Poisson law. 

The number dn(l, s, v) of fragments with total edge 
length, total face area, and total volume in the ranges 
lto1+dl, s tos +ds, and v to v + dv, respectively, 
is evaluated as 


dn(l, s, v) =(V, [4] 


where V, is the volume of the initial specimen; the 
ratio V,/v appearing is the a priori number of par- 
ticles with these values of 1, s, andv. The distribu- 
tion function dn(l, s, v) meets the necessary physi- 
cal requirement that the fracture process conserve 
volume independently of particle shape, by virtue of 
the normalization of dp(J, s, v). 

By assuming that all fragments are geometrically 
similar, dp(I, s, v) and dn(l, s, v) can be replaced 
by forms, p(x )dx and n(x)dx, respectively, which de- 
pend only on a mean linear dimension x of a frag- 
ment. The procedure consists in taking /, s, and v 
proportional to x, x?, and x3, respectively. The 
value of p(x) is given by 


x GN? all 
= +(= 
p(x) | (7) 
1 x x? 
[5] 
in which k,j, andi are constants proportional to the 
mean spacings of edge, facial, and volume flaws, re- 


spectively. Correspondingly, the value of n(x) is 
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n(x) = wV,x~8p(x) [6] 


where w is a constant depending on the average par- 
ticle shape. The resulting expression for y, the cu- 
mulative fraction of the initial volume correspond- 
ing to particles of dimension up to x, becomes 


which yields rigorously the form 


[7] 


[8] 
(for m = 1) of the empirical equation of Rosin and 


Rammler® when the effects of facial and volume flaws 
are neglected. As x — 0, one obtains 


y= x/k [9] 
which is the form for m= 1 of the empirical equation 
of Schuhmann.’° Gaudin’s relation™ follows directly. 
The conclusion follows that activation of edge flaws 
in the intersections of fracture planes represents 
the dominant mode of fragmentation, in general. 

The moments of the distribution corresponding to 
the total number, the total edge length, and the total 
face area of the fragments are divergent. For ex- 
ample, the total number N’(x) of particles with mean 
dimension down to x becomes 

N’ (x) = 30(V,/k) x? [10] 
asymptotically as x — 0, when Eq. 9 is obeyed. The 
total surface S(x) of the particles with mean dimen- 
sion down to x is logarithmically divergent for x — 0. 
The anomalies are explained as the consequence of 
neglect of flaw depletion in the idealized model (cor- 
responding to the assumption that the flaws are dis- 
tributed collectively at random).® On physical 
grounds, such results cannot appear in a complete 
theory. 

A result has been obtained which is independent 
of a model of the fracture process. The cumulative 
fraction y of the initial volume corresponding to par- 
ticles of dimension up to x satisfies 


[11] 


where the right-hand side represents the probability 
of formation of a fragment with mean dimension be- 
tween 0 and x. The expression applies also to plural 
fracture or comminution, with the understanding that 
p(x)dx represents the total probability of formation 
of a particle with mean dimension in the range x to 
x + dx, for the overall process. 

An important tacit assumption underlies the der- 
ivation of Eq. 2. It was presumed that the facial 
flaws are specified by a unique areal density y, 
(proportional to j ~? on the similarity approximation). 
Such a hypothesis is not valid for most brittle sol- 
ids, because the original surface of the specimen is 
exposed to mechanical abrasion and an ambient me- 
dium. Neither factor is operative for a flaw in the 
interior of the specimen. Fragments arising from 


propagation of surficial flaws of the original speci- 
men will be referred to as exoclastic.* The effect 


*Neologisms coined from the word clastic and the combining forms 
exo (outside) and endo (within). 


of the exoclastic fragments (identifiable as con- 
taining original surface of the specimen) must be 
subtracted from the overall distribution of fragment 
sizes to obtain the distribution for fragments aris- 
ing from internal flaws of the original specimen, to 
which the theory above corresponds. The latter 
class of fragments will be referred to as endoclas- 
tic. (See foregoing footnote.) It is clear that Eq. 2 
corresponds to an initial specimen which is infi- 
nitely large. 


PLURAL FRACTURE 


If the experimental arrangement differs from that 
for single fracture only in the absence of a deceler- 
ating medium, no secondary fracture by the piston 
or hammer is possible.* Any secondary fracture 
necessarily arises by virtue of the kinetic energy 
of the fragments.!? Since only the larger particles 
show significant kinetic energy, and these fragments 
are relatively few, one can expect such an experi- 
mental arrangement to conform approximately to 
the definition of plural fracture. 

The overall features of the distribution of sizes 
in the fragments produced by plural fracture can be 
predicted qualitatively for the case of x large. For 
the endoclastic fragments, the differential proba- 
bility in this range of x should show two regions of 
locally large value, corresponding to the effect of 
facial and volume flaws in the primary fracture. 
Since these fragments are the smaller ones in the 
overall distribution, in general, the corresponding 
distribution should be only slightly distorted by the 
effect of secondary fracture. Superimposed on this 
distribution will be that corresponding to the exo- 
clastic particles from the primary fracture, which 
are the only fragments expected to show a high 
speed of impact on the chamber walls. Residual 
surficial flaws in these fragments should be ac- 
tivated in the collision to yield one prominent peak 
in the differential probability. However, these frag- 
ments must possess internal flaws, and those of 
facial and volume type will yield two additional local 
maxima. Thus, a total of five peaks in the overall 
differential probability at large x can be expected. 
Whether broadening and overlapping of the peaks in 
the two superposed distributions make it impossible 
to distinguish the five possible is a matter that can 
be decided only be experiment. 

The course of the overall distribution function at 
small x can be predicted quantitatively for plural 
fracture. The argument proceeds from two facts: 
In any single fracture, the exoclastic fragments con- 
stitute the largest fragments, in general, and these 
largest fragments are the ones possessing high ki- 
netic energy. Thus, the fine particles from the pri- 
mary fracture undergo little secondary fracture in 
the first instance. As long as the number of second- 
ary fractures is restricted to only a few, such frac- 
tures will distort the distribution function for the 
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finer fragments only slightly. Accordingly, the over- 
all probability y for the fine fragments in plural 
fracture must approach a form corresponding to 

the Schuhmann law of Eq. 9 for m = 1, asymptotically 
as x becomes small. The result must hold down to 
values of x at which depletion effects appear. 


COMMINUTION 


The theoretical results have been derived specif- 
ically for the case of single fracture. However, it 
has been found possible in the last section to make 
predictions on the nature of the distribution function 
for fragment size in plural fracture, where only one 
main secondary distribution is superimposed on the 
primary. The general case of the distribution func- 
tion for a mill product is intractable by the methods 
used, since such a distribution corresponds to super- 
position of a very large number of separate and inde- 
pendent distributions. 

The general theoretical method can be used to 
make qualitative predictions on the distribution func- 
tion for comminution only in the very restricted case 
that the number of superposed individual distribu- 
tions is small. However, at least one case exists 
which meets this condition approximately. Consider 
an initial feed of particles, all of the same diameter, 
passed only once or a few times through a jaw 
crusher. Conventionally, such a machine is designed 
so that the minimum approach of the jaws can be ad- 
justed to a fixed value for each passage of the feed. 
Thus, the design feature of an arresting mechanism 
appears, to reduce secondary fracture of fragments 
arising from the primary one, although no deceler- 
ating medium is present. Hence, if a feed is passed 
through a jaw crusher only once or a few times, one 
expects that the differential probability computed 
from the overall probability of fracture will show a 
multiplicity of peaks for large x, analogous to those 
predicted for the case of plural fracture. If the de- 
sign and adjustment of the crusher correspond 
closely to the conditions for plural fracture, five 
peaks should appear in the differential probability. 
Similar statements can be made for a gyratory 
crusher, under suitable conditions of operation. The 
same predictions hold for a pendulum crusher, if 
the energy of fall is just sufficient to induce primary 
fracture. In Part II it will be shown that these con- 
tentions are borne out by experiment. 

No theoretical reason exists to expect similar re- 
sults for the case of a ball or rod mill, since the 
basic requirement of an arresting mechanism to 
limit the approach of the balls or rods on collision 
is not met. However, a physical model can be sug- 
gested for a ball mill in the case of extreme dilution, 
where the average spacing between any two particles 
(of the feed or grind) becomes large relative to the 
corresponding particulate dimensions. In such a 
case, the mixture of particles should behave anal- 
ogously to an ideal gas, with the mechanical agi- 
tation of the mill replacing the effect of tempera- 
ture. Thus, the problem of mill performance in 
this case should be tractable by the methods of the 


kinetic theory of gases.!8 This analogy has been ex- 
ploited by Gaudin" and by Gilvarry.” 


DISCUSSION AND CONCLUSIONS 


The essential new theoretical concept introduced 
in this work is the existence and importance of the 
edge flaws in fragmentation. The presence of such 
flaws must be postulated to explain the linear ar- 
gument in the Schuhmann equation and in the expo- 
nential of the Rosin-Rammler relation, as applied to 
single fracture. The fact that the edge flaws play 
the preponderant role in fragmentation then follows 
as a purely mathematical consequence for x small. 
A derivation of the Rosin-Rammler equation from 
the Poisson law has been given previously by 
Bennett;* it differs from the present result in the 
essential respect that Bennett’s development cor- 
responds to fragmentation by volume flaws. One 
notes that in the derivation of the Schuhmann and 
Rosin-Rammler relations given here, the constant 
k is not an empirical parameter, but has a precise 


physical interpretation in terms of the linear den- 
sity of edge flaws. 

The divergence of the total number, total edge 
length, and total face area for all the particles in 
the distribution has been explained in this paper as 
the consequence of neglect of flaw depletion in the 
simplified theory. A similar assumption of neglect 
of depletion of the original number of atoms present 
is made in the usual theory which yields a Poisson 
form for the distribution of atoms decaying radio- 
actively in unit time.” A generalized Poisson law 
will be used in a later paper of this series to take 
flaw depletion into account. On physical grounds, 
the complete theory must yield bounded values for 
the integrals of the distribution which are divergent 
on the simplified theory presented here. 

Although the theory has been derived for single 
fracture, in the first instance, it has been found pos- 
sible to make predictions for the cases of plural 
fracture and comminution, under certain circum- 
stances. The theoretical predictions are checked 
against experiment in Part II. 


PART Il. EXPERIMENT 


The experimental results will be described under 
the three headings of single fracture, plural frac- 
ture, and comminution. Theoretical conclusions for 
each process have been presented in Part I; the case 
of single fracture is treated in detail elsewhere.® 

The precautions necessary for experimental con- 
ditions to approximate single fracture are described 
by Gilvarry and Bergstrom,® and, in more detail, by 
Bergstrom, Sollenberger, and Mitchell.* The com- 
pressing piston or impinging hammer must be pro- 
vided with a stop to arrest its motion after fracture 
starts. A decelerating medium such as gelatin is 
required to prevent the fragments from colliding 
with the walls of the retaining chamber. Otherwise, 
the fragments will undergo secondary fracture by 
virtue of their large kinetic energy, as pointed out 
by Gilvarry.” 

Results conforming to the experimental criteria 
for single fracture are virtually nonexistent in the 
literature. Hence, series of suitable experiments 
were carried out by Bergstrom, Sollenberger, and 
Mitchell,* and, with closer control and higher accu- 
racy with respect to size distributions, by Gilvarry 
and Bergstrom.® The results of the latter were 
based on five glass specimens (spherical in shape, 
one of 3 in. diam and four of 1 in.). Because of the 
small mass (generally about 20 g) of the specimens, 
the sieving procedure was reliable to a lower limit 
of only 100u in x —usually. For the range of x be- 
low this value, a Coulter counter’® was employed in 
the measurements. 

The experimental arrangement for plural frac- 
ture differed from that for single fracture only in 
the lack of a decelerating medium. Results for five 
glass specimens (also spherical and of 1 in. diam) 
are discussed. Theoretical predictions for comminu- 
tion are compared with experimental results from a 


jaw, gyratory, and pendulum crusher, and from a 
ball mill. In this case, data are included for a crys- 
talline solid (quartz), a polycrystalline solid (lime- 
stone), and a highly aeolotropic material (coal), as 
well as glass. 

The total number of glass specimens was neces- 
sarily limited, because of the extreme experimental 
precautions that had to be observed to avoid signifi- 
cant loss of fines from such small masses. To off- 
set this drawback, comparison is made with results 
of Bergstrom, Sollenberger, and Mitchell‘ for a total 
of 76 glass specimens. 


SINGLE FRACTURE 


In the case of single fracture, one must discrimi- 
nate between the overall distribution, which neglects 
the distinction between endoclastic and exoclastic 
fragments, and the endoclastic distribution, corre- 
sponding to the fragments formed by internal flaws 
of the specimen. 

Overall Distribution: For the purpose of distinction, 
the cumulative fraction of the initial volume repre- 
sented by fragments of the overall distribution will 
be designated by y’. Experimental values of y’ cor- 
responding to the mean for four specimens (initial 

1 in. diam) are shown in Fig. 1. Values of the dif- 
ferential probability y’ = dp’/dx appear also, as eval- 
uated from the data. One sees that p’ is closely a 
constant over nearly one decade of values at small 
x. It follows that y’ over this region of x is repre- 
sented closely by the Schuhmann line for m= 1, 
shown solid for small x and dashed for large x. 
Thus, no evidence exists in this region of x for a 
value of the Schuhmann exponent m differing from 
unity, for specimens fractured in gelatin. The ex- 
perimental results (not shown) for specimen 1, 
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Fig. 1—The probability y’ (left scale) of single frac- 
ture for the overall distribution as a function of x, 
for the mean of four specimens. The overall differ- 
ential probability p’ is shown also (on right scale). 


which was of 3 in. diam, are in accord with this con- 
clusion. 

It is seen from Fig. 1 that the data for y’ diverge 
significantly from the Schuhmann line for the larger 
values of x. Furthermore, the Rosin-Rammler curve 
for m = 1 shown for comparison yields no improve- 
ment in agreement. In point of fact, the Rosin- 
Rammuler curve lies on the side of the Schuhmann 
line opposite to that on which the data fall. This con- 
clusion represents a sharp difference from the usual 
case for the product of a ball or rod mill, where the 
Rosin-Rammler equation generally reproduces the 
correct sense of the deviation from the Schuhmann 
line for large values of x. 

Fig. 1 reveals that the curve of p’ for large x 
consists of a series of peaks, not predicted by the 
Schuhmann or Rosin-Rammler equations. Three 
local maxima appear, as indicated by the vertical 
arrows. One maximum is double, in the sense that 
two minor peaks appear in it; the origin of this 
anomaly will appear later. In each case, the peaks 
are correlated with points of maximum slope in the 
curve of y’. Physically, each maximum corresponds 
to a point at which the probability p’(x)dx of forming 
a fragment with dimensions in the range x tox + 
dx is locally large for dx fixed. 

In view of the fact that the sieves of largest size 
generally retained only one or a few particles (oc- 
casionally none), one might argue that the multiple 
peaks appearing in Fig. 1 represent mere artifacts 
in the data arising from poor statistics. In sucha 
case, one should expect the peaks to vanish when 
results for a sufficiently large number of speci- 
mens are averaged. Values of y’ and p’ are shown 
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Fig. 2—The probability y’ (left scale) of single frac- 
ture for the overall distribution as a function of x, 
for the mean of 36 specimens from data of Berg- 
strom, Sollenberger, and Mitchell. The overall dif- 
ferential probability p’ is shown also (on right scale). 


in Fig. 2, determined from the mean of data obtained 
by Bergstrom, Sollenberger, and Mitchell for 36 
specimens fractured in gelatin. One sees that the 
three peaks expected appear in the results, as in- 
dicated by the vertical arrows. The effect of aver- 
aging is to broaden the peaks, but their permanence 
under this operation indicates their reality in fact. 

Apparently, the existence of three local maxima 
in the curve of p’ is at variance with the theory of 
Gilvarry. In addition to the region of constancy cor- 
responding to the Schuhmann law, this theory pre- 
dicts two regions of variable differential probability, 
arising from the effects of facial and volume flaws. 
However, only the limit of an infinitely large speci- 
men is considered in the theory, under which as- 
sumption no exoclastic fragments can appear. Any 
actual specimen is necessarily of finite size, and 
the situation is complicated by the presence of exo- 
clastic as well as endoclastic fragments. 

The fact appearing generally from these results 
that, for small x, the overall distribution satisfies 
the Schuhmann law for m = 1 confirms the conclu- 
sion of Gilvarry that edge flaws represent the dom- 
inant cause of fragmentation in the fine sizes. 
Endoclastic Distribution: In the experimental ar- 
rangement used, failure of a specimen starts in con- 
ical surfaces with bases on the compressing plat- 
ens.’© Propagation of these fractures produces a 
failed cylinder extending diametrically through the 
specimen, which yields the bulk of the fine fragments 
produced. The material of the specimen outside this 
cylinder breaks into fragments which approximate 
lunes in shape, as Fig. 3 shows. The lunes consti- 
tute the main mass of the exoclastic fragments, al- 
though considerably smaller exoclastic fragments 
can be identified through the presence of original 
surface of the specimen. 

To obtain the distribution of the sizes to which 
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Fig. 3—Fragments of a specimen fractured in gela- 
tin, as recovered from the matrix. The fragments 
are disposed radially in their correct relative po- 
sition. 


the theory of Gilvarry applies, one must subtract 
the mass corresponding to the exoclastic fragments 
from that retained on a sieve. By separate screen- 
ing of the identifiable particles containing original 
surface of the specimen, one can determine the 
probability y corresponding to the cumulative frac- 
tion of the total mass of the endoclastic fragments 
represented by such fragments of mean dimension 
up tox. Fig. 4 shows results for the mean of three 
specimens; data points for the differential probabil- 
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Fig. 4—The probability y (left scale) and differential 
probability p (right scale) of fracture for the endo- 
clastic distribution, as a function of x for the mean 
of three specimens. 


Table |. Parameters k, j, and i of Fitted Function for Q 
k (u) 
4.2x10° 


j 
2.5 


i (p) 
8.4x10° 


ity p = dy/dx are shown also (connected by the 
dashed curve). Two maxima in the differential prob- 
ability ) appear, as indicated by vertical arrows, 
which is precisely the number permitted by the the- 
ory. One notes that the double peak appearing in 
Fig. 1 has been reduced to one main peak accompa- 
nied by a slight supernumerary one; the latter 
clearly is caused by the presence of residual exo- 
clastic fragments. Comparison of Fig. 4 with Fig. 
1 shows unequivocally that the main peak in the 
overall differential probability arises from the exo- 
clastic fragments, the effect of which is not sub- 
sumed in the theory. 

To discuss the quantitative agreement of theory 
and experiment, one notes that the parameter Q, de- 
fined under the similarity approximation by 


is fixed as 


[12] 


in [13] 
by virtue of the theoretical relation 
[14] 


The value of @ as obtained from the data by means 

of Eq. 13 is shown in Fig. 5 as a function of x. The 
results have been fitted to Eq. 12 by the method of 
least squares to obtain the corresponding coefficients 
k,j, and z of Q, as tabulated in Table I. The theo- 
retical curve of Eq. 12 for @ appears as a function 

of x in Fig. 5; one sees that agreement with the data 
is excellent. 
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Fig. 5—The parameter Q for the endoclastic distribu- 
tion as a function of x for the mean of three spect- 
mens, as given by the data and by the fitted function. 
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Fig. 6—The quantity -In(1 - y) from the data as a 
function of Q from the fitted functions, for the mean 
of three specimens and for an individual specimen. 


In Fig. 4, the theoretical relation 


+95) 


[15] 
is shown (solid) for the differential probability, as 
evaluated from the coefficients of Table I. The curve 
displays only one maximum, rather than the two de- 
manded by the data. From results of Gilvarry and 
Bergstrom® it can be shown that the peak appearing 
in the theoretical curve corresponds to the effect of 
facial flaws. Although p of Eq. 15 potentially can ex- 
hibit two maxima, since Q is a cubic in x, it does not 
do so for the choice of k, 7, and 7 represented by the 
entries of Table I. The absence of the peak corre- 
sponding to volume flaws has been interpreted as 
the consequence of neglect in the theory of the ef- 
fect of flaw depletion, which is exhibited in the 
data.® In any event, it is clear the p of Eq. 15 cer- 
tainly yields a semi-quantitative fit to the experi- 
mental data, at least in the mean. 

Independently of the specimen, Eq. 13 implies 
that all data for -In(1 - y) should fall on a straight 
line of inclination 45° when plotted against the cor- 
responding @ of the fitted function. Fig. 6 shows 
such a plot for an individual specimen and the mean 
of three. One sees that the prediction is borne out 
over the major part of the data. 

The parameters of k, j7, and? of Table I represent 
spacings of Griffith flaws, as referred to the mean 
dimension x of a fragment. A linear spacing is 
fixed directly by k, but the areal and volume spac- 
ings of facial and volume flaws are given by j? and 
18, respectively, as referred tox. Gilvarry and 
Bergstrom® have shown that the experimental values 
of the flaw spacings obtained are consistent with 
available results for the density of surficial Grif- 
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Fig. 7—The probability y (left scale) of plural frac- 
ture as a function of x, for the mean of two speci- 
mens. The corresponding differential probability p 
is shown also (on right scale). 


fith flaws. The approximate equality of k,j, andz 
indicated by Table I implies that the orientations of 
the fracture surfaces producing fragmentation are 
closely random. 


PLURAL FRACTURE 


Fig. 7 shows values of the overall probability y 
for the mean of two specimens fractured without 
the use of gelatin. The straight line shown (dashed 
for large x) corresponds to the general Schuhmann 
law 


y = [16] 


with m about 1.14. As will emerge in the following 
discussion, however, the reasonable fit of Eq. 16 to 
the data for x small must be viewed as an empirical 
correlation, without necessary physical significance. 
As compared to the overall probability y’ for single 
fracture, y in this case fails to show the sharp in- 
crease in Slope above that of the Schuhmann line for 
large x, as appears in Fig. 1. The curve correspond- 
ing to the general Rosin-Rammler law 


y =1- exp [-(x/k)™] [17] 


is shown also; one sees that it yields no material 
gain in agreement with the data as compared to the 
Schuhmann line for large x. 

The overall differential probability p for the mean 
of the two specimens is shown also in Fig. 7, as eval- 
uated from the data. In conformity with prediction, 
five peaks (indicated by arrows) appear, compared 
to the three present in the overall differential prob- 
ability for single fracture. Reckoned in order of de- 
creasing x, the first peak clearly arises from exo- 
clastic fragments of the original specimen which 
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Fig. 8—The differential probability p of plural frac- 
ture as a function of x, for the mean of 40 specimens 
from data of Bergstrom, Sollenberger, and Mitchell.* 
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impinged on the walls of the retaining chamber. The 
second peak probably arises from the effect of in- 
ternal flaws of volume type in the exoclastic frag- 
ments colliding with the chamber walls. The iden- 
tification of the remaining peaks is not unambiguous. 
In order of decreasing x, the third and fourth peaks 
have been identified tentatively by Gilvarry and 
Bergstrom® as corresponding to the effect of volume 
and surface flaws in the endoclastic fragments from 
the primary fracture. Presumably, the fragments in 
question lacked sufficient kinetic energy for appreci- 
able secondary fracture to occur. The last peak 
probably corresponds to internal flaws of facial 
type arising from the fragments colliding with the 
chamber walls. 

Since the preceding results are based on only two 
specimens, the differential probability p for plural 
fracture is shown in Fig. 8, as constructed from the 
mean of data of Bergstrom, Sollenberger, and Mitch- 
ell for 40 specimens. One sees that the five peaks 
expected actually appear, as indicted by vertical ar- 
rows; the last peak in order of decreasing x appears 
as a subsidiary maximum on the preceding one, and 
its precise position is somewhat indefinite. These 
considerations leave little doubt of the reality of the 
local maxima in question. 

The experiments of Bergstrom, Sollenberger, and 
Mitchell indicate that only the larger fragments in 
single fracture show high kinetic energy. The finer 
fragments exhibit low speeds approaching zero. In 
such a case, one expects no significant secondary 
fracture of the finer fragments. Hence, one can in- 
voke experimental measurements on the size dis- 
tribution of the finer fragments in plural fracture 
to verify the theoretically predicted course of the 
distribution in the same range for single fracture. 

If this hypothesis is correct, measurements made 
by means of a Coulter counter over the size range 
1 to 100 for plural fracture can be used to verify 
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Fig. 9—The cumulative number N’'(v) of fragments 
with volume down to v, as a function of particle vol- 
ume v, determined by a Coulter counter for three 
specimens. 


the theoretical predictions of Gilvarry. Unavoidable 
loss of particles in the operation of washing out the 

gelatin (or the bulk of it) renders it infeasible to use 
the Coulter counter directly in this size range in the 
case of single fracture. 

The theoretical results for single fracture imply 
that the cumulative number N’(v) of fragments in 
the distribution, from the largest particle volume 
down to the value v, satisfies the proportionality 


N’(v) a [18] 


asymptotically in the limiting case as v becomes 
very small. Experimental values of N’(v) as ob- 
tained with a Coulter counter are shown as a func- 
tion of v in Fig. 9, for three specimens. An approx- 
imate scale of linear dimensions is provided, cal- 
culated on the assumption of spherical fragments. 
Straight lines of slope corresponding to the power 
v-2/3 have been fitted to the data. One sees that 
agreement of theory and experiment is excellent. 
Thus, the results from the Coulter counter verify 
the theory of Gilvarry down to a fragment dimen- 
sion of roughly 1p. Further, they confirm the pre- 
diction that the effect of edge flaws is predominant 
in fragmentation for small values of x. 

One sees that it is unnecessary to use a value of 
m differing from unity in the general Schuhmann 
law in order to fit the data for the small sizes in 
either single or plural fracture. As regards plural 
fracture, the implication of this result is that the 
role of a value of m differing from unity is simply 
to fit empirically the variations in y arising from 
the maxima which appear in the corresponding dif- 
ferential probability p for the larger values of x. 
These considerations cast grave doubt on the phys- 
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Fig. 10—The probability y as a function of x for an 
initial feed of ten glass balls passed once (stage 1) 
and then a second time (stage 2) through a jaw 
crusher, and finally ground for 20 hr ina ball mill 
(stage 3). 


ical significance of the forms of the Schuhmann and 
Rosin-Rammler laws for m not equal to unity, for 
single and plural fracture. 


COMMINUTION 


To verify the predicted results for comminution, 
an initial feed of ten glass balls (of 1 in. diam) was 
passed once (stage 1) and then a second time (stage 
2) through a jaw crusher; subsequently, the product 
was ground for about 20 hr in a ball mill (stage 3). 
Fig. 10 shows values of y corresponding to the 
three stages. Schuhmann lines for m = 1 are shown 
solid for x small, and corresponding Rosin-Ramm- 
ler curves appear dashed. One notes that the curves 
of y for stages 1 and 2 conform closely to y of Fig. 

7 for plural fracture, and not to the Rosin-Rammler 
curve shown for stage 1. Furthermore, the Rosin- 
Rammler equation obviously does not yield a par- 
ticularly good representation of the data for stage 
3, the product from the ball mill. 

To examine further the agreement with prediction, 
the differential probability p as evaluated from the 
data for the three stages is shown in Fig. 11. The 
curve of p for stage 1 shows one prominent peak 
and four secondary ones (of which one is a subsidi- 
ary peak on the side of the main one), as indicated 
by vertical arrows. The locations are in reasonable 
accord with the positions of the peaks in Figs. 7 and 
8, for plural fracture. For stage 2, corresponding to 
the second passage through the jaw crusher, one 
prominent peak appears, but only one or two distinct 
secondary maxima can be resolved. It is reasonable 
to ascribe the origin of the main peak in both cases 
to the effect of surficial flaws in endoclastic frag- 
ments formed in primary fracture, in conformity 
with the corresponding identification in the case of 
plural fracture. Accordingly, the experimental re- 
sults are in complete agreement with the theoretical 
predictions. The main peak has degenerated to a 
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Fig. 11—The differential probability p as a function 
of x, corresponding to the values of y appearing in 
ING). 


plateau in the data from the ball mill; no certain ev- 
idence of secondary peaks appears. 

All the preceding results correspond to specimens 
of glass, which is an amorphous isotropic material. 
It is desirable to determine whether the conclusions 
apply to more general classes of solids. Of the avail- 
able data, results of Hukki’”’!* for quartz passed 
through a jaw crusher and coal broken by a pendu- 
lum, and results of Mitchell et al.1%?° for limestone 
fractured in a gyratory crusher have been selected 
as conforming closely to the conditions necessary 
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Fig. 12—The differential probability p as a function 
of x, obtained from values of y for crusher runs, 
corresponding to data of Hukki for quartz and coal 
and to data of the authors for limestone. 


for the theoretical predictions to hold. In the cases 
of the jaw and gyratory crushers, the initial feed 
particles were roughly of the same size, and the 
minimum approach of the crushing surfaces was 
fixed. The differential probabilities p from the data 
are shown in Fig. 12. The original data (not as mod- 
ified by his particular screen calibration) of Hukki 
were employed, but the general results are indiffer- 
ent to the choice. The surprisingly good agreement 
between the results of Mitchell et al. for limestone 
and those of Hukki for quartz is worthy of mention. 

One sees that a prominent peak appears in the 
data at large x for all three cases of Fig. 12. This 
main peak can reasonably be identified with the cor- 
responding peak for plural fracture, arising from 
surficial flaws in the exoclastic particles formed in 
primary fracture. This conclusion tends to confirm 
the viewpoint of Hukki, that the rise of y above the 
Schuhmann line which he observed was indeed real. 
Various subsidiary peaks appear in the curves of p 
in Fig. 12. It is not possible to identify these physi- 
cally with any confidence in the cases of the quartz 
and the limestone. However, the differential proba- 
bility for coal shows a total of five local maxima 
(indicated by arrows), of which one is a subsidiary 
maximum on the side of the main peak; Their loca- 
tions correspond closely to those appearing for 
stage 1 in Fig. 11. Hence, the number appearing is 
precisely that predicted theoretically. It is clear 
that the general validity of the results is not lim- 
ited to amorphous isotropic solids. 


DISCUSSION AND CONCLUSIONS 


In general, one sees that excellent agreement be- 
tween theory and experiment obtains. The predicted 
linear variation of y with x is observed over a rea- 
sonable range of values at small x, for both single 
and plural fracture. The result confirms the exist- 
ence and importance of the edge flaws. The theory 
predicts correctly the possible number of peaks in 
the differential probability for the endoclastic dis- 
tribution, and yields a semi-quantitative fit to the 
observed data. The qualitative predictions for the 
cases of plural fracture and comminution are gen- 
erally borne out. 

No definite evidence for a depletion effect at 
small x has been observed, down to the lowest di- 
mension (1) corresponding to the measurements. 
Deviations from the Schuhmann line for the finest 
sizes (in the neighborhood of 2y) in a mill run have 
been reported by Gaudin and Fuerstenau;™ since 
they found the effect reproducible, it may represent 
a depletion effect. It is worthy of note that the con- 
centration of large and giant condensation nuclei in 
the atmosphere varies inversely as the volume, ap- 
proximately, when determined as a function of size;” 
the variation of the number is precisely the same as 
that predicted by the theory of Gilvarry for single 
fracture, in the limit of small dimensions. Further- 


more, this functional form holds down to a diameter 
of about 0.1y for the nuclei, where the distribution 
starts to fall off in the region corresponding to the 
smaller Aitken nuclei. 
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SIZE DISTRIBUTION SHIFT IN GRINDING 


Experiments on single particles show that the amount of material created 
during impact that is finer than any chosen size is proportional to the energy 
of the impact. As the underlying principle of comminution, it might be stated 
that each unit of energy input to a given comminution system tends to add to 
the system an identical assembly of new particles and subtract an equivalent 


volume of larger particles. 


Thus, two of the consequences of the fact that each unit of energy tends to 
add identical assemblies of new particles to the system are: 1) on continued 
application of energy the total charge in any batch comminution system tends 
to assume the characteristics of this assembly, and 2) the process of com- 
minution may be described by a relationship such as E = Ak™®. 


ecently Schuhmann! presented a theory of com- 

minution which puts rational perspective on the 
extensive controversy surrounding most of the ex- 
istent theories of comminution. With hindsight the 
origin of controversy can be ascribed to a relatively 
simple circumstance. In general, a progressive 
shift of a size distribution curve towards finer sizes 
is observed as energy is added to a comminution 
system. It is also observed that, with continued 
grinding, the size distribution curves usually change 
and appear to approach some constant shape. Inves- 
tigators?-> generally felt that an appropriate method 
of relating and generalizing such data would be to 
consider the hypothetical case where particles in the 
system were uniformly subjected to comminution 
such that each of these particles, receiving its pro- 
portion of input energy, was transformed into a 
number of smaller particles of uniform size. Since 
the changes in shape of the size distribution curves 
during size reduction were clearly associated with 
the coarse particles in the system, it was also as- 
sumed that these changes accounted for little of the 
input energy and one could deal solely with the equi- 
librium shape towards which the size distribution 
curves tended. Although the unrealistic nature of the 
foregoing points of view was realized some justifica- 
tion was felt for such treatments since, in most 
cases, the resulting mathematical formulae could, 
by the adjustment of at most two parameters, satis- 
factorily describe experimental observation. 

Difficulties arose, however, in that the formulae 
required a specific influence of the feed size on the 
comminution process. In actual fact, the application 
of a feed size term in fitting experimental data was 
often found to be unnecessary or contrary to the 
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above formulae. Secondarily, much discussion arose 
concerning the appropriate energy number that 
would relate the size change of one particle to the 
amount of comminution energy it received. As has 
been previously shown® all the above theories that 
treat comminution as a continuous process of size 
reduction may be related to a proposition of the fol- 
lowing form: 


dg =-c% [1] 


where dE is the increment of energy, dx is the size 
change, x is the particle size, and C and m are con- 
stants. 

It is now clear, as pointed out by Schuhmann,? that 
Eq. 1 is inapplicable to comminution processes, 
since comminution cannot be considered other than 
as a discontinuous mixing process in which the over- 
all size distribution of the product results from mix- 
ing, in various proportions, finished material with 
unfinished, and sometimes untouched, material. 

A striking illustration of this mixing phenomena 
may be obtained by comparing the size distributions 
of grinds in a typical batch ball mill with size distri- 
butions calculated on the basis of mixing various 
proportions of feed material with a ground material 
which obeys a power law size distribution relation- 
ship. Figs. la and 1b illustrate such a comparison 
and the similarity of these figures indicates that 
mixing plays an important role in determining the 
overall shape of the product size distributions. 

Figs. la and 1b illustrate, additionally, the under- 
lying basis of the comminution theory presented by 
Schuhmann.? In the preliminary grinding of rela- 
tively close sized feed particles in a batch ball mill, 
one may visualize that, when a successful encounter 
of a ball with a feed particle occurs, then the parti- 
cle undergoes severe size reduction and the size 
range in which the resultant particles reside is far 
removed from the size of the feed particles. After a 
number of feed particles are reduced by independent 
but similar impacts and one examines the size dis- 


SLOPE, a= 0.9! 


WEIGHT % CUMULATIVE FINER 


min 
10) — 
min. (GRIND TIME) = 
= 
| | | | | | 
400 200 100 48 28 14 8 4 


TYLER MESH SIZE 


Fig. la—Typical size distributions obtained in ball 
mill grinding of quartz. 


tribution of the mill contents, it would be found that 
the size distribution would correspond closely to one 
or another of the product curves given in Fig. 1b. 
Since the successful size reduction encounters in the 
mill are essentially equivalent, the position of the 
straight line portion of the curve, in relationship to 
the feed size, tells one just how many successful 
encounters occurred in the grinding period. This is 
immediately evident for the position of this straight 
line portion defines the weight ratio of broken to un- 
broken material. Since each encounter dissipates 
equivalent energy, this weight ratio determines how 
much energy was expended in comminution of the 
mill charge. The mathematics of the situation for 
independent and alike comminution events has been 
given by Schuhmann and results in the following 
energy-size reduction equation: 


E =Ak-*% [2] 


where E£ is energy input, k is size modulus, A is a 
constant (reciprocal of grindability), and a is a dis- 
tribution coefficient. a and k refer to the distribu- 
tion coefficient and size modulus of the material 
resulting from a single successful encounter, i.e., 


k 


where Y is weight percent cumulative finer than 
size x and x is particle size. 

In prolonged ball milling the balls impact smaller 
and smaller particles such that one would no longer 
think that the comminution process could be consid- 


= 100 [3] 
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Fig. 1b—Calculated size distributions resulting from 
mixing a hypothetical feed material, A, with a hypo- 
thetical product material, B. 


ered as a summation of like events. There is no 
doubt, however, that the process is still one of dis- 
continuous mixing. The size reduction situation in 
this case, which is the normal case in virtually all 
comminution processes, is one in which the commi- 
nuted particles are subjected, by impact, to different 
energy densities. 
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Fig. 2—Size distribution data from rod mill grinding 
of magnetite. 
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Fig. 3—Size distribution data from rod mill grinding 
of pyrite. 


Experiments on single particles* ® show that the 
amount of material created during impact that is 
finer than any chosen size is proportional to the en- 
ergy of the impact. As shown by Schuhmann,? if the 
weight distribution of product particles follows a 
power law, then the above results on comminution of 
single particles again leads to Eq. 2 as the relation- 
ship between size modulus and energy input. It would 
appear that comminution by events that outwardly ap- 
pear dissimilar is actually still comminution by a 
summation of like events. In fact, as the underlying 
principle of comminution, it might be stated that 
each unit of energy input to a given comminution 
system tends to add to the system an identical as- 
sembly of new particles and subtract an equivalent 
volume of larger particles. Thus, if one unit of en- 
ergy produces 1 lb of material less than a given size, 
then 10 lb of such material could be produced either 
by a single impact of ten units energy or by ten im- 
pacts each of one unit energy. The amount of mate- 
rial subjected to impact is unimportant as long as 
the impacts are severe enough to cause fragmenta- 
tion and as long as the inherent energy transfer 
processes are Similar. 

Thus, two of the consequences of the fact that each 
unit of energy tends to add identical assemblies of 
new particles to the system are: 

1) On continued application of energy the total 
charge in any batch comminution system tends to 
assume the characteristics of this assembly (i.e., 
the distribution coefficient of the total charge ap- 
proaches that of the assembly). 
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Fig. 4—Size distribution data from rod mill grinding 
of gypsum, 


2) The process of comminution may be described 
by a relationship such as given by Eq. 2. 

The main object of this work is to present experi- 
mental data illustrating the foregoing consequences 
and to indicate that the relationships discussed above 
are applicable to a wide range of materials. 


EXPERIMENTAL RESULTS 


The materials chosen for this work, viz., magne- 
tite, pyrite, gypsum, calcite, taconite, and a hetero- 
geneous material, Butte ore, were selected so that 
the grinding characteristics of several classes of 
minerals and ores, other than those reported ina 
previous investigation,* could be studied. 

1000 g samples, composed of specific amounts of 
sized fractions between 3 and 10 mesh (Tyler), were 
ground in a 10-in. stainless steel rod mill at 70 pct 
solids for various periods of time. The number of 
revolutions of the mill for any given test was a con- 
venient measure of the energy input to grinding. 

The size analyses of the product of the tests are 
given in Figs. 2 to 7 and it will be generally seen 
that parallel lines, on these Schuhmann plots, fit the 
experimental points fairly satisfactorily. 

Attempts to extend the size distribution measure- 
ments were made using the Andreasen Pipette tech- 
nique. Unfortunately satisfactory deflocculation could 
not be achieved for most of the materials but in the 
case of pyrite, where the measurements were suc- 
cessful, it will be noted (Fig. 3) that the power law 
size distribution relationship (Eq. 3) fits éxception- 
ally well throughout the range of measurement 
(0.6mm to about 4 py). 
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Fig. 5—Size distribution data from rod mill grinding 
of calcite. 


Included with the size distribution graphs are plots 
of energy input (proportional to the number of revo- 


lutions of the mill) and size modulus, k. It is evident, 


as predicted by Eq. 2, that the slope of the size dis- 
tributions of a given material is equal to the slope 
of the corresponding energy-size modulus curve. 

Since all the foregoing data were obtained under 
Similar experimental conditions, the constant A, in 
Eq. 2 can be determined for each case and a list of 
grindabilities (1/A values) of the various materials 
prepared. It is of interest that 1/A is simply the 
charge weight in grams divided by the number of 
revolutions corresponding to a k value equal to 1mm 
on the energy-size modulus plots. The list of grind- 
abilities shows that both toughness and hardness are 
of equal importance in estimating the grindability of 
a given material. 

It is apparent from the foregoing discussion and 
results in Table I that an extremely large amount of 


Table |. Grindabilities of Materials Tested in a 


10-In. Diam Rod Mill 

Distribution 
Material Coefficient, a Grindability, 1/A* 
Taconite 0.50 4.4 
Quartz 0.91 
Butte ore 0.50 
Gypsum 0.33 12.4 
Calcite 0.65 15.4 
Magnetite 0.9 15.9 
Pyrite 0.85 19.2 


*Grams of product less than 1 mm per mill revolution. 
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Fig. 6—Size distribution data from rod mill grinding 
of Butte ore. 
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Fig. 7—Size distribution data from rod mill grinding 
of taconite ore. 
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information on comminution of a material is sum- 
marized by the two parameters, the grindability 
(1/A) and the distribution coefficient (a). 

In Fig. 7 it will be noticed that a change in feed 
size distribution was made to determine the effect 
such a change would have on the grinding results. 
It is evident that feed size does affect the grinding 
results and yet from the previous discussion one 
would conclude that no such effect should occur. 

The answer apparently lies in the fact that the 
change in feed size was sufficient to alter the char- 
acteristics of the grinding system. It seems clear 
that this difference in behavior cannot be attributed 
to a change in the energy-size reduction character- 
istics of the material but must be associated with a 
change in the efficiency of transfer of energy from 
the grinding media to the material. Such an explana- 
tion seems reasonable for the increase in feed par- 
ticle size, as made in the foregoing experiments, 
would entail a fewer number of particles in the 
charge. Thus, during the preliminary grinding pe- 
riod, the chance of a successful rod encounter would 
be reduced and a proportionately greater amount of 
energy would be expended by metal-metal encoun- 
ters. Once, however, a more or less equilibrium 
situation is attained and a sufficiently large number 
of particles are available in the mill, the displace- 


Flotation of Cummingtonite 


I: magnetic taconite of the East Mesabi range, 
quartz, magnetite, and cummingtonite (OH2(Fe, 
Mg)7(SisO11)2) are the three major ore-forming 
minerals.’ Fine grinding and magnetic separation of 
the taconite leads to a concentrate analyzing 64 to 
65 pct Fe and 8 to 9 pct insoluble; the gangue con- 
tent of the concentrate arising from the presence of 
locked magnetite-gangue particles, and of occluded 
gangue particles in magnetic floccules. To further 
upgrade such taconite concentrates, flotation appears 
to offer a particularly promising approach. To eval- 
uate its effectiveness in separation, a knowledge of 
the flotation characteristics of each mineral com- 
prising the concentrate becomes desirable. The 
floatability of magnetite and of quartz have already 
been reported in a previous paper,” in which the flo- 
tation characteristics of the two minerals were cor- 
related with the electrokinetic properties at the 
mineral-solution interfaces. Since cummingtonite 
has somewhat intermediate chemical composition 
between the above-named oxides, the electrokinetic 
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ment of a given size distribution by a unit of energy 
input becomes equivalent for both feed size distribu- 
tions given in Fig. 7. Because of the extreme diffi- 
culty in characterizing the mill action during the 
preliminary grinding stages, it would seem that a 
rigorous mathematical description of the effect of 
feed size on a given grinding system cannot be ex- 
pected. 
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and the flotation behavior of this mineral becomes of 
interest for both practical and fundamental reasons. 
In the present article the results of electrophoretic 
mobility measurements and of Hallimond tube flota- 
tion tests on cummingtonite are reported and are 
compared with those of quartz and magnetite. 


MATERIALS AND METHODS 


A sample of cummingtonite-rich taconite, re- 
ceived from the Mitchell pit, near Babbitt, Minn., 
was crushed and ground through 100 mesh, and the 
product was fractionated magnetically into three 
portions. First, a drum-type laboratory cobber was 
used to separate a highly magnetic portion, con- 
sisting mainly of free, but also containing locked, 
magnetite particles. The cobber tailing was then 
passed in two stages through a Franz isodynamic 
separator. The middle fraction was isolated, and, 
upon examination petrographically, was ascertained 
to be principally cummingtonite. 

The 100 to 150 mesh fraction of this sample was 
selected for the present study. It was cleaned by 
leaching briefly with hot, dilute HCl and then by 
rinsing repeatedly with demineralized water. A 
ground and elutriated fraction of —5yu cumming- 
tonite was used for the electrophoretic measure- 
ments. 
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Fig. 1—a) Electrophoretic mobility of magnetite (M), 


cummingtonite (C), and quartz (Q) as a function of pH. 


b) Flotation of magnetite, cummingtonite, and quartz 
with 10-*m dodecylammonium chloride. c) Flotation 
of magnetite, cummingtonite, and quartz with 10-*+m 
sodium dodecylsulfate. 


Flotation tests were conducted with a Hallimond 
tube, and the electrophoretic measurements with a 


flat-type microelectrophoresis cell; both types of 
apparatus have been described in a previous article.? 


RESULTS AND DISCUSSIONS 


Fig. la presents the results of the electro- 
phoretic mobility measurements of cummingtonite 
as a function of pH, together with those of quartz and 
of magnetite.” It is evident from the figure that the 
isoelectric point of cummingtonite occurs at approx- 
imately pH 5 and that the electrokinetic behavior of 
this mineral lies between those of the two oxides. 
This result is not entirely unexpected, since, accord- 
ing to Gundersen,* the chemical analysis of cumming- 
tonite from the same source is reported to be 54.67 
pet SiOz, 27.16 pct FeO, 13.66 pct MgO, and 1.27 pct 
HO, and its surface would display a somewhat less 
acidic character than SiO... Further investigation on 
the effect of basic groups, such as FeO and MgO, on 
the surface properties of various silicates would be 
of some theoretical interest. 

The flotation characteristics of cummingtonite 
using 107*m of dodecylammonium chloride and of 
sodium dodecylsulfate are plotted in Figs. 1b and c, 
which also include those of quartz and of magnetite. 
Comparing the floatability with the respective elec- 
trophoretic properties, the essential electrical 
nature of the collector- mineral interaction for these 
three oxides is evident. Consequently, the inter- 
mediate behavior of cummingtonite presupposes a 
lowered Selectivity of flotation either by contamina- 
tion of the concentrate with the silicate or by pulling 
magnetite into the tailing. Closer pH control and an 
adequate choice of a depressant would be the solution 
for a successful concentration by flotation processes. 
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Size Distributions Resulting from the Comminution of Heterogeneous Materials 


n 1940 Schuhmann’ showed that the size distribution 
of a comminuted material can be expressed by the 
following empirical relationship: 
a 
y= 
where y is the cumulative percentage of material 
finer than size x, k is a Size modulus, and ais a 
distribution modulus which is constant for a given 


D. W. FUERSTENAU is Associate Professor of Metallurgy, 
University of California, Berkeley, Calif. TN 60B228. 


[1] 


by D. W. Fuerstenau 


material and machine. During the past few years, 
considerable emphasis has been given to the investi- 
gation of the extent of size reduction resulting from 
the expenditure of mechanical energy in crushing 
and grinding. Recently Schuhmann? presented a 
derivation of the energy-size reduction relationship 
by postulating that comminution in a device such as 
a ball mill can be considered to be the summation 
of many single comminution events, each of which 
yields a size distribution of particles following the 
Schuhmann size distribution equation. By grinding 
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quartz, limestone, and mixtures of limestone and 
quartz in a laboratory rod mill, Sullivan and 
Fuerstenau’ have shown that limestone particles 
possess their characteristic distribution modulus 
whether ground alone or mixed with quartz, and that 
quartz particles have their characteristic distribu- 
tion modulus whether ground alone or mixed with 
limestone, which is in accord with Schuhmann’s 
concept of single comminution events. 

If two minerals, designated A and B, respectively, 
are ground as a mixture in a mill, the size distribu- 
tion of mineral A in the product is given by 


\%A 
= 100 (= ) 
YA ka 


where the value of a, is identical to the value ob- 
tained by grinding mineral A alone and y, is the 
percentage of mineral A in the product finer than 
size x, and ky, is its size modulus. Similarly for 
mineral B: 


YB 


Since the product resulting from the comminution of 
a mixture of minerals must be the summation of the 
size distributions of the constituent homogeneous 
minerals, the size distribution of the product ob- 
tained by grinding a binary mixture containing p per- 
cent mineral A and (100-p) percent mineral B is 


[2a] 


[2b] 


The resulting size distribution cannot be a straight 
line Schuhmann plot, since the material with the 
larger distribution modulus will control the size 
distribution in the coarser range and the material 
with the smaller distribution modulus will be dom- 
inant in the finer size range. Actually the size dis- 
tribution of a binary mixture will depend upon the 
relative values of a, k, and the weights of the two 
materials. To illustrate this point, size distributions 
of mixtures of two materials, A and B, whose dis- 
tribution coefficients are 1.0 and 0.4 but with the 
same size modulus have been calculated for a range 
of compositions from 100 pct A to 100 pct B. The 
results of these calculations are presented in Fig. 1. 
The slopes of mixed products, such as those de- 
picted in Fig. 1, must vary with particle size. By 
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Fig. 1—Calculated size distributions obtained by 
mixing two materials with different distribution 
coefficients. 


means of the following equation, it is possible to 
evaluate the slope of such a curve as a function of 
particle size: 


a a 


x B 


d (log x) og) * + 


Only for a homogeneous material can the Schuh- 
mann plot be a straight line. However, the size dis- 
tribution of the product obtained from grinding a 
heterogeneous material might appear to be a Straight 
line Schuhmann plot if about 10 pct of the material 
is finer than the smallest size used in making the 
distribution (see Fig. 1). 
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SIZE DISTRIBUTIONS AND ENERGY CONSUMPTION 


IN WET AND DRY GRINDING 


In the experimental work for this comparison of wet and dry grinding, it was 
found that the size distributions for wet grinding operations are charac- 
terized by a constant value of the distribution modulus, a; whereas, for dry 
&§rinding the distribution modulus decreases slightly with increased size re- 
duction. Wet grindability seems independent of the weight of material in the 
mill while dry grindability depends on weight. Experimental data and equa- 
tions for each process are presented for noncleavable isotropic material, 
for cleavable or material in which there is some form of internal stress, 
and for energy consumption. The equation 


E,/Ew = Bk’ 


(where Ep and Ew are, respectively, energy for wet and dry grinding, k is 
the size modulus, and Band y are constants) was found to give the ratio of 


energy. 


ry grinding is generally considered to require 

more energy than wet grinding. Taggart’ states 
that power consumption in wet grinding ranges from 
60 to 90 pct of that required for dry grinding. Bond’ 
states that dry grinding requires one third more 
power than wet grinding. It is interesting that Rose 
and Sullivan’ note this same difference in power re- 
quired for wet and dry grinding, but they state that 
on purely mechanical grounds it is difficult to see 
any great difference in fundamental principles be- 
tween wet and dry milling, since dry milling may be 
regarded as wet milling with a fluid of low viscosity 
(i.e., air vs water). Yet it must be the viscosity of 
the fluid that is responsible for the differences be- 
tween wet and dry grinding. 

Probably the most comprehensive investigation 
comparing wet and dry grinding has been that made 
by Coghill and DeVaney.* They compared the grind- 
ability of both chert and dolomite in a 19x 36-in. 
batch ball mill under both wet and dry conditions. In 
these tests the weight of ore in the mill was varied 
from 35 to 200 lb and each grinding test was carried 
out for such period of time that the amount of 
—200-mesh material in the product was essentially 
the same for each test with a given material. Cog- 
hill and DeVaney’s data for the grindability of dolo- 
mite, which are reproduced in Fig. 1, show that a 
comparison between wet and dry grinding is com- 
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plex. The comminution of a material by a wet grind- 
ing method is characterized by a constant grinda- 
bility over a wide range of mill loadings. Since 
grindability is the weight of material comminuted 
per unit of energy expended, it is equivalent to (W)/ 
(P)(t), where W is the weight of material being 
ground, P is the power, and ¢ is the grinding time. 
In the case of wet grinding, the grindability of dolo- 
mite in the Coghill and DeVaney experiments was 
0.546 + 0.009 ton per hp-hr when the load of dolo- 
mite in the mill ranged from 50 to 200 lb. On the 
other hand, for dry grinding no such simple rela- 
tionship was found to exist between power, time, 
and weight of material in the mill. Dry grinding 
efficiency appears to depend greatly upon the amount 
of material within the mill. When the mill contained 
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Fig. 1—Wet and dry grindabilities of dolomite as a 
function of the amount of material in the ball mill, 
Data of Coghill and DeVaney.4 
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between 50 and 125 lb of dolomite, the dry grinda- 
bility remains essentially constant at about three- 
fourths of the grindability for wet grinding condi- 
tions (see Fig. 1). When the amount of material was 
decreased below 50 lb, dry grinding efficiency de- 
creased because of the waste of energy arising from 
an increase in the metal-to-metal contacts between 
balls.* As the amount of material in the mill was 


*Wet grinding efficiency must also decrease when the mill loading 
is very low. However, Coghill and DeVaney’s experiments were not 
conducted with a sufficiently small amount of dolomite in the mill un- 
der wet grinding conditions for this phenomenon to show up. 


increased above 125 lb, dry grinding efficiency again 
was found to decrease, probably because of cushion- 
ing of the balls by the particles. The term cushion- 
ing means the absorption of energy by balls or rods 
falling into a large mass of fine material. In addi- 
tion, the effectiveness of comminution may be re- 
duced because of a greater amount of material being 
in the toe of the mill, which diminishes the effect of 
free fall of balls or rods. 

Coghill and DeVaney’s data do not permit com- 
parison of wet and dry grindabilities for products 
with different values of the size modulus. To ascer- 
tain a more complete relationship between wet and 
dry grinding, grinding tests must be carried out 
wherein the products have different size moduli. 

The Charles energy-size reduction relationship 
gives a method for analyzing the difference between 
wet and dry grinding under these conditions. Accord- 
ing to Charles,” the energy E expanded for size re- 
duction is 


E = Ak“ [1] 


where A is a constant, k is the size modulus of the 
product, and a is the distribution modulus of the 
product size distribution. 

For the comminution of brittle, isotropic, and 
noncleavable materials, Schuhmann’ has recently 
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presented a derivation of Eq. 1, an equation in 
which the size of the feed does not appear. Accord- 
ing to Schuhmann, the energy of each comminution 
event must be sufficiently large that fragmentation 
of the feed particles can occur. Furthermore, every 
comminution event, that is, every successful ball- 
particle impact, must be governed by 


Ov; 


[2] 


where 6v; is the volume of the particle receiving 
the impact, 5£; is the energy delivered to the par- 
ticle and k; is the size modulus of the product re- 
sulting from the impact. Thus, independent of the 
size of feed particle, the energy per unit volume 
required for comminution depends on the size mod- 
ulus of the product from the single event. Using 
different sized Pyrex spheres, Bergstrom, Sollen- 
berger, and Mitchell’ have recently demonstrated 
Eq. 2 to be valid. Thus, the analysis of grinding ex- 
periments which are carried out with closely sized 
particles is simplified, since the size of the feed 
does not appear in the energy equation. However, 
variation in feed size may affect grinding because 
of differences in the efficiency in the energy trans- 
fer process during the early stages of size reduc- 
tion.* Using feed of the same size should eliminate 
this variable. 

Although both A anda in Eq. 1 are constants for 
a given series of wet grinding tests, the value of the 
factor A and of the exponent in the energy equation 
may both have a different value in dry grinding the 
material. Charles’ has already observed that the 
exponent in the energy equation is less than a if the 
material possesses distinct cleavage. That is, the 
energy-size reduction equation has the form 


E = Ak® [3] 


where 
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Fig. 2—Size distributions of Tuolumne County limestone batch round dry and wet (60 pet solids) in the 


rod mill. 
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Fig. 3—Size distributions of Maine quartz crystals batch ground dry and wet (60 pct solids) in the rod mill. 


B=aty [4] 


and y is a deviation exponent, which may be either 
positive or negative in value. In the comminution of 
halite and galena, y has a value of —0.41 and —0.18 
respectively.” The objective of the present paper is 
to present experimental data which have been ob- 
tained to compare wet and dry grindabilities and to 
analyze the data using the energy-size reduction re- 
lationship in the form of Eq. 2. 


EXPERIMENTAL METHOD AND RESULTS 


In this investigation three different materials were 
used: 1) Tuolumne County (California) limestone, 2) 
Placer County (California) quartz, and 3) Maine 
quartz crystals. The Charles technique of grinding 
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PLACER COUNTY QUARTZ, 


uniform particles (4x8 mesh) was used so that the 
feed term can be neglected in the analysis. In each 
grinding test 1 kg of 4x8-mesh material was ground 
in an 8x9 1/4-in. rod mill containing 17.6 kg of 
rods (26 rods 5/8-in. diam, 10 rods 3/4-in. diam, 
and 5 rods 7/8-in. diam, and 9 1/16-in. long). The 
mill was run at 77 rpm. The wet grinding tests 
were carried out at 60 pct solids by weight. Size 
distributions were determined by a wet-dry sieving 
technique. 

Fig. 2 presents the size distribution of limestone 
ground both wet and dry for different periods of 
time in the rod mill. In each case the slope of the 
Schuhmann plot, i.e., the distribution modulus a, 
was 0.61. Fig. 3 presents the size distributions of 
Maine quartz ground both wet and dry in the rod 
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Fig. 4—Size distributions of Placer County quartz batch ground dry and wet (60 pet solids) in the rod mill. 
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Table |. Distribution Modulus « for Chert and Dolomite Ground 
Both Wet and Dry in a Ball Mill 
(Data of Coghill and DeVaney) 


Weight Material Chert Dolomite 

in Mill, Lb Wet Dry Wet Dry 
35 0.77 0.79 - 0.64 

50 0.78 0.76 0.61 0.64 

75 0.78 0.80 0.66 0.65 

100 0.81 0.75 0.65 0.65 

125 0.77 0.74 0.65 0.65 

150 0.78 0.69 0.62 0.63 

200 0.77 0.68 0.63 0.61 


mill. In the case of wet grinding, the distribution 
modulus, a, was 0.88. However, for dry grinding 
the value of a decreased slightly with increased size 
reduction. Its value was 0.87, 0.81, 0.77, and 0.76 
for 10, 15, 20, and 25-min grinding periods, respec- 
tively. 

Fig. 4 presents the size distributions of the prod- 
uct obtained by grinding Placer County quartz in the 
rod mill under both wet and dry conditions for vari- 
ous time periods. In the case of wet grinding, the 
distribution coefficient of the ground material was 
0.79 for each grinding period. However, for dry 
grinding, the value of a decreased slightly as the 
reduction ratio increased. The value of a was 0.81, 
0.79, 0.75, and 0.72 for 5, 10, 15, and 20-min grind- 
ing periods, respectively. 


DISCUSSION OF RESULTS 


These experiments begin to bring to light infor- 
mation on one of the controversies which exist in 
the field of comminution, namely, the constancy of 
the distribution modulus @ during a comminution 
operation. Bond® contends that a decreases with in- 
creased size reduction whereas Charles,’ Schuh- 
mann,° and Fuerstenau”’ have contended that a re- 
mains constant. In the present experimentation, it 
was found that a remains constant during size re- 


duction by wet rod milling. However, during the dry 
rod milling of quartz, the value of a was found to de- 
crease slightly with finer grinding. Since much of 
Bond’s work has been done under dry grinding con- 
ditions, he would have made the same observation. 
In the case of dry grinding a softer material (lime- 
stone), this decrease in the value of a was not ob- 
served. The apparent lowering of a for larger re- 
duction ratios during the dry grinding of quartz 
must result from the coarser particles being pro- 
tected from the rods in some manner. This could 
happen if the coarser particles are buried in the 
dust within the rotating mill or if the coarser parti- 
cles are coated with a heavy dust layer which ab- 
sorbs some of the impact energy. Either of these 
phenomena might result in preferential comminution 
of fine particles. In the case of the softer limestone, 
the coarse particles must be impacted with suffi- 
cient energy for fracture even though some of the 
energy has been absorbed by the mass of fine parti- 
cles. However, it is possible that if the size distri- 
butions were extended below 400 mesh, all products 
do have constant values of a, as was found for dry 
grinding in a vibratory ball.° It should be noted that 
in the vibratory ball milling experiments the amount 
of material in the mill was so low that essentially 
no cushioning could occur. On the other hand, during 
wet grinding the coarser particles are not protected 
by the fine particles because the finer particles re- 
main suspended in the liquid. 

If the reduction ina results from protection of 
the coarser particles by a cushion of fine particles, 
the value of a should decrease as the amount of 
material in the mill is increased. In the present 
experiments, the amount of material was kept con- 
stant at 1000 g, but in the Coghill and DeVaney ex- 
periments’ the weight of material in the ball mill 
was varied over quite a wide range. Their experi- 
mental data for wet and dry balling both chert and 
dolomite at 50 pct critical speed were plotted to ob- 
tain the values of a, and in Table I these values of a 


GRIND SLOPE GRIND SLOPE 
DRY -1.04 PLACER A DRY -0.77 
QUARTZ] WET -0.85 JL COUNTY 
ORY -0.80 QUARTZ 4 
STONE} @ WET -O61 
=| 
= lo 
If 
2 : 
= 
4 
100 200 400 600 1000 2000 100 200 400 600 1000 2000 


SIZE MODULUS, MICRONS 


SIZE MODULUS, MICRONS 


Fig, 5—Energy-size reduction relationships for wet and dry rod milling of limestone, Maine quartz Crys- 


tals, and Placer County quartz. 
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Table Il. Parameters Which Describe Rod Milling of 
One Kilogram Material Under Wet and Dry Conditions 


Table Ill. Size Distribution Data for the Rod Milling of Maine 
Quartz for Different Grinding Times in Minutes 


Type of 
Material Grind A y 
Limestone wet 170 0.61 0.61 0.00 
Limestone dry 640 0.61 0.80 +0.19 
Maine quartz wet 1780 0.88 0.85 — 0.03 
Maine quartz dry 7800 0.80(ave.) 1.04 + 0.24 (ave.) 
Placer Co. quartz wet 330 0.78 0.54 —0.24 
Placer Co. quartz dry 1400 0.78 (ave.) 0.77  —0.01 (ave.) 


are presented for the different grinding conditions. 
In the case of wet grinding chert, the value of a re- 
mained constant at about 0.78 even though the weight 
of material in the ball mill ranged from 35 to 200 lb. 
In the case of dry grinding, a had a value of about 
0.78 only if the amount of chert in the mill was 75 lb 
or less. Increasing the weight of chert in the mill 
above 75 lb produced a product with decreasing 
distribution modulus; a@ had decreased to 0.68 when 
200 lb of chert was ground dry in the mill. In the 
case of grinding dolomite, the data were not so con- 
sistent as for chert. However, dry grinding the 
softer dolomite yielded a product with the same dis- 
tribution coefficient as obtained by wet grinding. 
Only when 200 lb of dolomite was in the mill did a 
appear to have a definite decrease in value. 

According to Eqs. 1 or 2, a straight line should 
be obtained if the product size modulus is plotted as 
a function of expended energy on log-log-paper. The 
Slope of the line should be -a if size reduction is 
governed by Eq. 1, or its value should be -§ if cer- 
tain deviations exist. In Fig. 5, size moduli for both 
wet and dry ground materials are plotted as a func- 
tion of grinding time (which is directly proportional 
to grinding energy) on log-log paper. In the case of 
wet grinding limestone, the energy-size reduction 
relationship for the comminution of 1 kg of material 
in the 8-in. rod mill is: 


[5] 


where E£ is the grinding time in minutes and k is 
the size modulus of the product in microns. How- 
ever for dry grinding it is: 


E=640R°™. [6] 


Table IV. Size Distribution Data for the Rod Milling of Tuolumne 
County Limestone for Different Grinding Times in Minutes 


pos Dry Grinding, Wt Pet 60 Pct Solids, Wt Pet 
Mesh 10 15 20 25 

10x14 0.1 

14x20 «0 

20 x28 8.7 1S} 0.1 0.1 ORD 

48x65 142 17.0 181 16.4 18.7 173 25 05 
65x100 11.5 141 16.1 17.2 134 213 193 7.2 
100x150 7.7 10.0 11.2 12.5 9.3 14.4 17.9 18.7 
150x200 6.1 7.7 10.3 12.0 75 12.2 16.2 19.7 
200x270 3.9 6.0 63 76 46 7.4 104 11.9 
270x400 3.4 5.1 61 73 42 "6.5 
400xD 8.9 13.7 181 23.1 105 176 24.0 308 


Since the distribution modulus, a, for the limestone 
is 0.61, the value of y must be zero for wet grinding 
limestone but is 0.19 for dry grinding. In Table II, 
the values of A, a, 8, andy are tabulated for the 
wet and dry grinding of 1 kg of these materials in 
the 8-in. laboratory rod mill if E is the grinding 
time in minutes and if particle size is expressed in 
microns. In these three instances (8 dry - B wet) are 
0.19, 0.19, and 0.23 for limestone, Maine quartz, 
and Placer County quartz, respectively. 

The relationship between the energy required for 
wet (Ey) and dry (Zp) grinding with a constant 
charge in the mill is exponential in form and is 


Ep/Eyw = 3.8 [6a] 
Ep/Ew = [6b] 
Ep/Ewp = 4.3 [6c] 


for the limestone, Maine quartz, and Placer County 
quartz, respectively. Eqs. 6a, 6b, and 6c are strik- 
ingly similar. 

In coarse grinding, dry grinding is more efficient 
than wet grinding (Fig. 5). This certainly was not 
anticipated. The explanation for this phenomenon 
may be that rods falling into a liquid-solid suspen- 
sion undoubtedly experience a drag and their kinetic 
energy is less than that which they would have if 
they had fallen though air. In the crushing of smaller 
particles, the kinetic energy loss probably made no 


Table V. Size Distribution Data for the Rod Milling of Placer 
County Quartz for Different Grinding Times in Minutes 


Size Dry Grinding, Wt Pet 60 Pct Solids, Wt Pct 
i indi ; Fraction, 
Dry Grinding, Wt Pct 60 Pct Solids, Wt Pct 
Mesh 2% 5 7% 10 +5 10 
6x8 2.0 1273 0.1 
0.3 8x10 Hebe: 15.4 0.1 
wae i 2.0 10x14 15.3 0.1 14.6 0.1 
14x20 9.0 0.1 10.0 14x20 1753: 0.7 AS 0.8 
20 x 28 1525: 5 16.5 20 x 28 14.1 5.9 0.3 0.1 10.5 7.9 
28x35 Se Wes 0.3 14.6 0.1 28 x35 10.8 15.7 4.5 0.5 S20 L722 0.1 
35x48 “1358 3.9 0.1 11.4 35x48 17.52 4.6 6.2)" 15:3 2.4 0.4 
100 x 150 6.1 1029) 5.9 14.1 17.0 9.7 100 x 150 Sat 10:5) 3.0 7.9 13.4 
150 x 200 4.4 4.3 9.7 14.6 15.9 150 x 200 2.2 2.4 SAY) 
200 x 270 3.8 6.3 3.6 Si 1178) 14.0 200 x 270 4.2 5.9 Teak 1.4 
270 x 400 2.8 4.3 8.3 8.8 6.4 8.8 9.0 270 x 400 3.8 4.9 1.4 
400 xD 25057, 400 xD 4.8 12.0 18.0 26.1 4.1 i 9. 


401 


= 
_ 


difference because that delivered in the impact was 
still sufficient for fracturing. However, for larger 
particles the energy loss is significant and only the 
most favorable impacts result in fracture. For low 
reduction ratios, the amount of fines in the charge 
is so small that cushioning does not impede size re- 
duction. 

As was mentioned earlier, Charles® observed a 
deviation in the exponent in the energy-size re- 
duction relationship if the material being com- 
minuted possessed distinct cleavage. In the pres- 
ent investigation, a distinct deviation was found to 
occur in the wet grinding of the Placer County 
quartz. This particular material is characterized 
by its breaking into elongated flakes rather than into 
equidimensional particles, possibly because of the 
existence of internal stresses within the material. 
This ready fragmentation must be a phenomenon 
similar to cleavage because the value of the devia- 
tion exponent was found to be —0.24. 

Schuhmann® has defined grindability simply as the 
weight of material comminuted finer than unit size 
per unit of energy expended. However, Fig. 5 shows 
that in addition to the grindability, a and y must be 
given if the comminution of a material is to be 
characterized fully. 


SUMMARY 


The size distributions of the product from wet 
grinding operations are characterized by a con- 
stant value of the distribution modulus, a@; whereas 
for dry grinding the distribution modulus decreases 
slightly with increased size reduction, particularly 
in the comminution of hard materials. The grinda- 
bility of a material under wet conditions is inde- 
pendent of the weight of material in the mill over a 
wide range but grindability under dry conditions de- 


pends greatly upon the weight of material in the mill. 


For a noncleavable isotropic material, the energy- 
size reduction relationship for wet grinding is that 
proposed by Charles and Schuhmann 


AR? 


If cleavage or some form of internal stress exists 


402 


within the material, wet grinding is characterized 
by 


where Y is a deviation exponent of negative absolute 
value. For dry grinding, the deviation exponent y 
has a positive value. For a constant loading of a 
laboratory rod mill, the ratio of the energy for wet 
and dry grinding is given by 


Ep/Ew = Br’ 


where Ep and Ey are the energy for dry and wet 
grinding, respectively; k is the size modulus; and B 
and y are constants. In the laboratory rod milling of 
three different materials, B was approximately 4 and 
y was approximately —0.2. 
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APPENDIX 


The size distribution data for the products from 
the grinding experiments are shown in Tables III, 
IV, and V. 


PROPOSAL FOR A SOLOMONIC SETTLEMENT BETWEEN 
THE THEORIES OF VON RITTINGER, KICK, AND BOND 


This paper presents a preliminary analysis of the fundamental relationship 
between the net energy used and the respective product size throughout the 
entire range of sizes covered by crushing and grinding, and an attempt to 
find a sensible correlation between the existing theories. 


Were: Lewis, McAdams, and Gilliland’ have given 
the following differential equation of a general 
form for comminution: 


dE =-C a [1] 


where £ is the net energy required per unit weight 
in a certain process of comminution; ~x is the factor 
indicating the fineness of the product; m is the ex- 
ponent indicating the order of the process, and C is 
a constant related with the material, units chosen, 
etc. 

If exponent m in the above equation is replaced by 
numerical figures 2, 1, and 1 1/2, the integrated 
form of the general equation leads to the well known 
fundamental theories represented by the law of von 
Rittinger,” law of Kick,°* and the third theory of 
comminution by Bond,’ respectively. 

The total net energies (£;) from infinite feed size 
to a product of size x are as follows: 


1 


Rittinger: = C —kWh/t [2] 

Kick: E, =-C kWh/t [3] 
1 

Bond: RWh/t [4] 


The corresponding net energies (£) required to 
reduce product x; to product x2 are 


Rittinger: E= C (= =| kRWh/t [5] 
Xe Xi 
Kick: kWh/t [6] 
1 1 
Bond: E=2C - RWh/t. [7] 


The net energy required in a certain process of 
comminution is proportional to the new surface de- 
veloped according to the law of von Rittinger, to the 
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weight or size of the bodies treated according to the 
law of Kick, and to the length of the new cracks 
formed which initiate breakage according to the 
theory and explanation by Bond. 

On a logarithmic paper, where particle size is 
presented on the abscissa and energy consumption 
on the ordinate (see Fig. 2), all three relationships 
are represented by straight lines. The slope m of 
the line according to the law of von Rittinger is 
equal to —1.0; of Kick, 0; and of Bond, -0.5. 

Experimental evidence in favor of the law of 
Rittinger has been presented, e.g., by Gross and 
Zimmerley’ on quartz crushed in a drop weight 
crusher and evaluated for surface by the method 
of dissolution, by Dean® on magnetite crushed by a 
similar method and evaluated for surface by the de- 
termination of coersive force, by Piret’ and co- 
workers on a group of minerals crushed again by a 
similar method as well as by compression and 
evaluated for surface by permeability and gas ad- 
sorption methods, and by Schellinger® on a group of 
minerals ground in a calorimetric ball mill and 
evaluated for surface by gas adsorption. 

Experimental evidence in favor of the law of Kick 
seems to be scant in the field of comminution. On 
the other hand, in the field of mechanical engineer- 
ing Kick’s law seems to be of fundamental nature in 
processes such as cutting, pressing, shaping, and 
rolling of metallic substances. 

Experimental evidence in favor of the third theory 
has been provided by Bond.*’® To a large extent, 
data are based on the vast amount of grindability 
tests performed in the laboratories of Allis- Chal- 
mers Manufacturing Co. 

In addition to the devoted proponents of one or the 
other of the basic theories listed above, certain in- 
vestigators have indicated that one of the theories 
might be applied for a certain range of sizes, while 
another theory might be used for other sizes. Ina 
discussion of a paper by Bond,” Dobie” presented a 
statement at the International Mineral Dressing 
Congress in London (1952) indicating that 1) for 
large particles, the law of Kick was approximately 
correct; 2) for finer particles, von Rittinger’s sug- 
gestion was nearer to the truth; and 3) Bond’s new 
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log Particle Size 


{mm 10mm 


10u 100 


Fig. 1—Illustration of the basic reduction steps in 
comminution with a tabulation of the energy con- 
sumption between the various steps based on the 
theories of von Rittinger, Bond, and Kick. 


theory was a unification of the two older suggestions. 
To the question raised by Dobie*’ concerning the 
limits of particle size over which the Bond theory 
could be used, Bond answers by stating that the third 
theory of comminution appears to have no size range 
limitations. Contrary to the opinion expressed by 
Dobie, Walker and Shaw” have indicated that the law 
of Kick might be applicable in sizes below 1y, while 
the law of von Rittinger might suit for sizes coarser 
than 1. Charles” some time ago derived another 
general equation for comminution and proposed that 
the hypotheses of Kick, von Rittinger, and Bond may 
be derived as special cases of his equation. He 
presents corresponding experimental evidence in 
favor of Bond and Rittinger, but not in favor of Kick. 
In the summary of his paper Charles states that 
Kick’s hypothesis would be approximately valid for 
production of extremely fine material, a conclusion 
that is in agreement with the views of Walker and 
Shaw.’” Recently, Svensson and Murkes™ have 
claimed that, while none of the earlier theories 

will correspond to the results of their extensive 
grinding experiments, still another empirical re- 
lationship developed by them would offer a solution 
of general validity. 

It is somewhat startling to note that the actual size 
range covered by dependable experimental evidence 
presented in the referred investigations is always 
relatively narrow. In spite of that, conclusions of 
general applicability have been presented. 


CLASSIFICATION OF BASIC REDUCTION STEPS 
IN COMMINUTION 


Most conventional processing of mineral raw 
materials includes three major steps: 1) explosive 
shattering of the ore or rock, 2) crushing, and 3) 
grinding. No exact boundaries between them can be 
given. In spite of that, a somewhat crude, yet quali- 
tatively satisfactory classification of the successive 
steps of comminution may be based on the very con- 
venient metric decimal system as follows: 

1) Explosive shattering: from infinite size to -1m. 
2) Primary crushing: from -1m to -100mm. 

3) Secondary crushing: from -—100mm to -10 mm. 
4) Coarse grinding: from -10 mm to -1mm. 
5) Fine grinding: from -1mm to -100n. 

6) Very fine grinding: from -—100u to -10n. 

7) Superfine grinding: from -10 to —1p. 
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Fig. 1 shows seven parallel straight lines repre- 
senting the foregoing classification on a customary 
logarithmic paper. Size is shown on the abscissa 
and cumulative percentage passing a certain size 
(screen) on the ordinate. This method of plotting 
follows the Gates-Gaudin-Schuhmann relationship 
with slope m = 1.0, considered to represent the ideal 
size distribution in comminuted products. 

Primary and secondary crushing may consist in 
practice of more than two successive steps because 
the reduction ratio of most conventional crushers is 
less than 10. Explosive shattering may also be 
carried out to a finer end product than indicated. 
Coarse grinding as shown in Fig. 1 would roughly 
correspond to grinding in rod mills and fine grinding 
to grinding in ball mills. Other features of the se- 
quence shown in Fig. 1 should be self-explanatory. 

It is not unusual that a total of 10 kWh/t of energy 
is used in all steps of conventional crushing and 
grinding combined. As an example it is now assumed 
that a total of 10 RWh/t is used in reduction steps 2 
through 5 as shown in Fig. 1. For the time being, no 
attention is paid to the mechanical efficiencies of the 
respective crushers and mills. Distribution of the 
total energy available between the four steps based 
on Eqs. 5 through 7 is tabulated in Fig. 1. As in- 
dicated in the preceding, the data corresponding to 
the law of von Rittinger form a straight line of 
slope m = -1.0 on a logarithmic paper, showing par- 
ticle size on the abscissa and energy consumption 
on the ordinate; those corresponding to the law of 
Kick, a horizontal straight line with slope m = 0; and 
the data representing the theory of Bond, a straight 
line of slope m = —0.5. If the three series of data 
are compared with the respective figures obtained 
in industrial practice, it is not difficult to see that 
only those following the theory by Bond will be of any 
reasonable value. 

If, however, this imaginary size reduction is car- 
ried further from —100 to —10u—a tenfold step 
again—it will be easily conceived that the energy 
consumption figure of 21.8 kWh/t by Bond seems 
too small to satisfy the requirements of conventional 
practice. It is well known, for example, that to grind 
cement to a fineness of 92 pct —325 mesh (44y), 
about 35 kWh/t of energy is needed. Such a product 
is much coarser than the -10u product now under 
study. The respective Rittinger figure of 90 RWh/t 
should be more reasonable. The situation becomes 
still more clear by analysing the imaginary size re- 
duction from —10 to -1u. The tabulated figure for 
Rittinger appears to be reasonable, very doubtful for 
Bond, impossible for Kick. 

On the the other hand, if the coarse end of the 
sequence shown in Fig. 1 is studied, Rittinger 
figures seem to be fully unacceptable, Bond figures 
questionable, but the figures for Kick more and more 
reasonable. As a crude example in favor of the law 
of Kick it might be reasoned that, if a certain 
amount of net power is needed to crush a block 
weighing one ton in a big jaw crusher, twice that 
amount of net power would be needed to cause 
analogous changes of configuration in a block weigh- 
ing two tons. 


The outcome of this simple analysis is shown 
qualitatively in Fig. 2. It indicates that, within a 
proper relatively narrow size range, each one of 
the three theories may be correct within a very 
narrow margin of error. In Fig. 2, the basic curve 
shown is based on the following net energy consump- 
tion figures: 

1) Explosive shattering: from infinite size to -1m: 
unknown. 
2) Primary crushing: from -1 to -100 mm: 0.35 

RWh/t. 

3) Secondary crushing: from —100 mm to -10 mm: 

0.6 kWh/t. 

4) Coarse grinding: from -10 mm.to -1 mm: 1.6 

RWh/t. 

5) Fine grinding: from -1mm to -0.1mm: 10kWh/t. 

The respective cumulative curve shown by the 
dotted line represents the total net energy used in 
the various steps of crushing and grinding combined. 
It is apparent that the cumulative curve follows very 
closely the respective differential curve with the ex- 
ception of the crushing range. The exact position of 
the cumulative curve in this range is difficult to 
evaluate, since no information usually exists about 
the energy used in explosive shattering. 

Extension of the basic curve beyond 0.1 mm to the 
range of fine sizes is open to imagination, since no 
dependable experimental data exist. However, even 
within this little known range, the unit crystal of the 
solid substance forms an ultimate limit which can- 
not be exceeded by mechanical methods of size re- 
duction. Accordingly, the basic reduction character- 
istic for quartz, for example, should be a curve 
which at the coarse end of comminution deviates 
asymptotically from a horizontal line, has a slope 
of gradually increasing negative value with in- 
creasing fineness of the product, and approaches 
finally in the extreme reduction range asymptotically 
a vertical line drawn through the point representing 
the size of the unit crystal of quartz. Because it 
might be impossible to reduce quartz by mechanical 
means of comminution to a powder substantially all 
of the size of unit crystals, the respective imaginary 
energy consumption should be infinitely large. In 
Fig. 2, a number of possible extensions of the basic 
curve is indicated at an expenditure of 1 million 
RWh/t. 

The basic curve shown in Fig. 2 seems to be in 
good accord with the existing experimental evidence. 
Furthermore, it may even give partial explanation 
for certain peculiarities found in a number of ear- 
lier investigations. Thus, for example, the energy- 
size curve shown has a slope greater than —1.0 in 
the extremely fine sizes. It may be recalled that 
while studying higher energy concentrations than 
those used by Gross and Zimmerley,” Piret and his 
coworkers’ observed gradual deviation from a 
straight line energy-surface relationship in the di- 
rection of lacking surface production. Similar ob- 
servations were made by Svensson and Murkes.™ If 
true, then the Rittinger slope of —1.0 would be valid 
only for a certain limited, relatively fine size range. 

Should the basic reduction characteristic ina 
general form follow the features described above, 
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Fig. 2—Imaginary example of the basic reduction 
characteristic plotted on logarithmic paper. 


then Eq. 1 will not be the correct differential equa- 
tion of general validity for comminution. In it ex- 
ponent ” is not a constant but a variable whose 
value is a function of fineness x of the product. In 
a revised form, Eq. 1 may be written as 


dE =-C [3] 


EXPERIMENTAL 


The experimental investigations carried out in 
connection with this subject had three principal ob- 
jectives: 

1) In all cases, the power readings were to be re- 
corded in such a way that the net energy consump- 
tion could be evaluated with a fair accuracy. 

2) The investigations were designed to cover as 
wide a size range as possible with the equipment at 
out disposal, at least a 1000-to-1 size reduction 
performed in three or more successive steps. 

3) In plotting the results, conclusive evidence was 
sought of the general shape of the reduction charac- 
teristics. 

Two machines only were used for experimental in- 
vestigations. For the crushing range, a jaw crusher 
was accepted as a representative machine. For the 
range covered normally by rod and ball mills, a set 
of rolls was used. Basically, the rolls should cor- 
respond well to a rod mill where the rods act largely 
the same way as a multiple set of long rolls. A rod 
mill can be used—although seldom is—to produce 
mineral powders of fineness comparable to those 
obtained in conventional ball mill circuits. By a 
substitution of these mills with the rolls many in- 
definite variables inherent to rod and ball mills of 
any conventional design were eliminated in the ex- 
perimental part of this work. 

For size reduction from 10 to 1cm, a 7X12-in. 
Kue-Ken jaw crusher was applied either in one step 
(set 10 mm) or in two successive steps (sets 35 and 
10 mm, respectively). Samples passing a grizzly 
with 10 cm wide longitudinal openings and weighing 
at least 100 kg each were used. A study of the 
crushed products indicated that the third dimension, 
the thickness, was in all particles less than the set 
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Fig. 3—Experimental reduction characteristics of 
quartz, feldspar, and ores A, B, and C plotted on 
logarithmic paper. The ordinate shows the cumu- 
lative net energy consumption and the abscissa the 
square screen opening through which 70 pct of the 
product will pass. 


of jaw crusher. It was observed that with some 
samples substantial differences could exist between 
the maximum and minimum net energy consumption 
figures obtained by crushing, e.g., ten successive 
100 kilo samples. However, in such cases a test 
sample weighing at least one ton was used, and the 
final net energy consumption figure obtained should 
now be considered fairly dependable. 

For size reduction from 10 to 1 mm, a special 
precision set of rolls, 25x12 cm, was built. Either 
roll was driven by a separate motor. The rolls were 
mounted on oversize shafts supported on oversize 
precision roller bearings; no springs were used. 
The set of the rolls could be adjusted by means of 
solid spacer plates at 1 mm with a great accuracy. 
Similar precision adjustment was also attempted at 
0.1 mm. However, it was soon discovered that the 
rate of feeding as well as the hardness of the 
mineral crushed had an effect on, for example, the 
0.1 mm set which, although very small in actual 
dimensions, in relative terms produced an un- 
pleasant source of error. Thus the simple idea 
that the set of the machine could be used as a prac- 
tical size-controlling variable did not yet fulfill the 
expectations in the very fine range. Consequently, 
all results reported here are based on conventional 
screen analyses of the various products. 

Fig. 3 shows the cumulative reduction character- 
istics of five large samples including quartz, feld- 
spar, and three separate ores. The abscissa of each 
point plotted corresponds to the square screen open- 
ing through which 70 pct of the product will pass. 
The first points on the right at about 10 mm repre- 
sent the net energy consumption values in size re- 
duction from 10 to 1 cm. 

The results of these tests indicate that the general 
reduction characteristic on a logarithmic paper is a 
curve rather than a straight line. Each brittle solid 
substance seems to have its own characteristic 
which follows the general features outlined in the 


406 


preceding. Thus these tests give further evidence, 
perhaps difficult to invalidate, that the unifying 
theory of energy-size relationship presented in this 
paper is correct. 

Regarding the peculiar experimental data on ore 
C, it should be mentioned that this is a most un- 
usual case. The ore itself is a massive sulfide ore 
of high specific gravity where hard crystals of pyrite 
represent the bricks and other softer sulfides the 
plaster of a masonry. In crushing and coarse grind- 
ing, the plaster offers but little resistance. However, 
the net energy consumption increases at a very rapid 
rate as soon as the individual crystals of pyrite are 
broken. 

Other preliminary experiments indicate that the 
same net energy is used in reducing a certain 
mineral product from a certain feed size to the same 
fineness independently of the number of separate 
successive reducing steps used at least in one and 
the same machine. Furthermore, similar com- 
parisons performed between a jaw crusher and a 
gyratory gave surprisingly consistent results. 

The very important question of the mechanical 
efficiency and of the idling power consumption of all 
crushing and grinding machinery thus once again is 
brought to the attention of all those having an active 
interest in the advancement of the scientific and 
technical aspects of comminution. 


GRIND LIMIT 


Grind limit is meant to be a certain particle size 
value within the fine size range at which it is as- 
sumed that size reduction by mechanical means of 
comminution such as crushing and grinding termi- 
nates mainly because of structural imperfections in 
the crystal lattice which are supposed to prevent 
effectively the formation of still finer particles. 
While the grind limit may vary from mineral to 
mineral, Bond,° has indicated that according to his 
calculations it should lie within the limits of 0.200 
to 0.050u, 0.100u being a satisfactory average 
value. 

To the best knowledge of the author, the concep- 
tion and evaluation of the grind limit is more a 
matter of theory and speculation than fact. Toa 
certain extent, data on such a limit are based only 
on mathematical solutions by trial and error to 
satisfy this or that theory of comminution rather 
than on even the slightest experimental evidence. 

In view of the fact that accurate information on 
the grind limit should be of fundamental theoretical 
importance, the author has made an attempt to 
establish dependable experimental evidence con- 
cerning it. The test procedure follows. 

While crushing quartz ina set of rolls, some of 
the resulting dust was sucked through a vacuum 
bottle filled with alcohol. From the fine suspension 
obtained, the finest fraction was separated in Model 
SB centrifuge built by International Equipment Co., 
run for 14 min at 1500 rpm. From the resulting final 
sample, proper preparations for electron micros- 
copy were made by M. Sulonen, Dept. of Metallurgy, 
Inst. of Technology, Helsinki, Finland, by a technique 


known to specialists in this field. From the many 
pictures taken, two are reproduced in Fig. 4. In 
Fig. 4a, magnification is X15,000; in Fig. 4b, 
X100,000. The maximum magnification used was 
150,000. 

From the resulting unretouched photographs, it is 
obvious that in this sample of quartz, particles do 
exist whose length and breadth fall between 0.001 and 
0.01 (10A and 100A), but whose thickness as the 
smallest dimension seems to be only a few multi- 
ples of the size values of the corresponding unit 
crystal. With the greatest magnification used, it 
also appears that the edges and corners of the 
particles are somewhat rounded, a-feature indicative 
of some action of dissolution in the alcohol and water 
solutions used in the preparation of the samples. 

This preliminary investigation reveals that while 
it has not been possible to assert experimentally 
the final grind limit for quartz, the sizes of parti- 
cles observed by means of an electron microscope 
provide convincing proof that the grind limit values 
such as those reported by Bond’ are at least ten 
times too large. Moreover, it is apparent that the 
entire question of the grind limit needs re-evalua- 
tion, taking into account the length, breadth, and 
thickness of the particles related with the mineral- 
ogical characteristics of the respective minerals. 


OUTLINE FOR CRUSHABILITY AND 
GRINDABILITY INVESTIGATIONS 


From the preceding discussion it should be ob- 
vious that grindability tests such as those performed 
by Bond are approximately valid for a relatively 
narrow size range only. Extrapolation of the re- 
sulting data for size range covered by coarse and 
fine crushing as well as by very fine and superfine 
grinding offers little—if any—dependable informa- 
tion at all. 

It may be argued that crushing, even with all the 
conventional crushing steps combined, requires so 
little energy (usually of the order of 1 kWh/t) that 
even precise information is of questionable practical 
value in the design of a crushing plant. In a search 
for truth, such arguments should be disregarded. 

To obtain truly dependable experimental informa- 
tion on the various steps of size reduction, the tests 
should be performed in accord with the basic prin- 
ciples of the respective industrial methods of size 
reduction. Crushing snould be investigated with a 
machine such as a jaw crusher, coarse grinding (rod 
milling) in a set of rolls, and fine grinding in a ball 
mill. The fineness of the feed and product in each 
step should be defined in clear and simple terms. 
Each step should represent (for example) a 10 to 1 
reduction in product size x. In all cases, the net 
power should be evaluated and the net energy con- 
sumption calculated. 

By a procedure outlined previously, three indices 
would be obtained: one for crushing (from 10 to 1 
cm), one for coarse grinding (from 1 cm to 1 mm), 
and one for fine grinding (from 1 to 0.1 mm). Each 
of the indices would be characteristic for its re- 
spective size range. On the basis of this information, 


(0) 


Fig. 4—Electron microscope studies of quartz dust. 
a)—(Top) X15,000; original scale, 1 or 15mm to 
19/32 in. b)—(Below) X100,000; original scale, 
ov 10mm to 13/32 in. Reduced approximately 5 pet 
for reproduction. 


a cumulative net energy-size curve could be drawn. 
Each mineral, rock, and ore will have its own 
characteristic size reduction curve. From this 
curve the net energy required for any conventional 
crushing and grinding operation can be very closely 
obtained. By knowing the mechanical efficiency of 
the machinery and the tonnage treated, sizes of the 
machinery and motors can now be selected at a good 
accuracy. 


CONCLUSIONS 


The preceding discussion leads now to the follow- 
ing conclusions: 

1) In comminution of brittle solids, the net energy 
necessary for equal reduction ratios increases with 
increasing fineness of the material treated. 

2) On logarithmic paper, the net energy-size re- 
lationship is presented by a hyperbolic or near 
hyperbolic curve. For different solids, position and 
shape of the curve will vary. 

3) The well known theories of Kick, Bond, and 
Rittinger are represented by tangents to this curve 
having slopes of 0, ~1/2, and -1, respectively. At 
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(a) 


best, each one of them constitutes an approximation 
valid for a relatively narrow size range only. 

4) The net energy required in comminution for a 
specified size reduction is independent of the num- 
ber of successive steps involved. In conventional 
practical applications, however, the mechanical 
efficiency of the machinery and the efficiency of the 
actual reduction process itself have resulted in 
multiple step processes rather than in the one-step 
process. 

5) The net energy consumption in producing ex- 
tremely fine mineral powders (such as all —0.1,) 


has become already so enormous that economic 
application of the present principles of comminution 
becomes questionable. 
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TECHNICAL EFFICIENCY OF CONCENTRATION 


OPERATIONS 


New expressions in the technical assessment of mineral concentration proc- 


esses have been defined as 


Concentration Efficiency: E, = 


Concentration Index: 


(c max -h) 


R 
I, 


xR 


where his the percentage of head grade; c, percentage of concentrate gvade; 
C max» Maximum percentage of concentrate grade obtainable at 100 pet re- 
covery; and R, percentage of recovery. In developing these expressions, the 
basic requirements for the technical assessment of concentration operations 
have been defined and the various expressions suggested by others for asses- 
sing the results of such operations reviewed and criticized. The derived ex- 
pression for E, depends ona simple combination of recovery (R) and a new 
term selectivity (S), where S is (c-h)/(Cnax —h), by definition. Limitations of 
the new expressions are discussed and examples given of applications to 
concentration operations. It is also shown that the formulae for E, and I, 
can be applied to scatter diagrams, multi-component systems, size-assay 


analyses, and classification data. 


Mew methods of quantifying concentrating opera- 
tions have been proposed. These include direct 
presentation of weights and assays together with the 
derived data for other items such as ratio of con- 
centration, recovery, rejection losses, and enrich- 
ment ratio. These terms are now accepted mineral 
dressing nomenclature, and in the assessment of the 
results of concentration processes, concentrate 
grade and recovery are together the most widely 
accepted measures of concentration efficiency. For 
practical purposes when the concentrate grade is 
equal to or greater than a predetermined acceptable 
value, test or operation results may be assessed by 
the recovery figures alone. Similarly when re- 
covery is within specification, the operation can be 
assessed by concentrate grade. 

The ultimate assessment and selection of a con- 
centration operation is—admittedly with a few ex- 
ceptions—a matter of economics. There is however 
an intermediate stage in laboratory and pilot plant 
testing when evaluations must be made without the 
assistance of an economic yardstick. Numerous 
techniques are employed to facilitate such evalua- 
tions among which may be mentioned graphical 
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by J. R. Stevens and D. N. Collins 


plots of grade vs recovery, cumulative weight vs 
cumulative recovery, scatter diagrams, etc. 

The desirability of combining metallurgical re- 
sults and product weights and assays into a single 
value has been recognized and discussed by many 
workers’ with the resultant suggestion and use of 
such terms as Metallurgical Efficiency,’ Summation 
Index,” Selectivity Index,** and Absolute Efficiency.° 
None of these expressions completely satisfies all 
the requirements of a selectivity or efficiency for- 
mula and it is proposed in this report to define the 
terms, relating to the technical efficiency of a con- 
centrating operation, concentration index and con- 
centration efficiency. Examples are given of their 
application and a comparison is made of their use in 
relation to other formulae. 

All product grades in this paper will be referred 
to in terms of mineral percentages and a list of 
symbols is given in Table I. 


CONSIDERATION OF EXISTING FORMULAE 


A number of the existing efficiency and index. 
terms used in quantifying concentrating operations 
are considered below. 

Metallurgical Efficiency: 


[1] 
n 


where RN is the percentage of recovery of the con- 
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Table I. List of Symbols 


Definition 


G Pct weight of concentrate 

T Pct weight of tailing 

H Pct weight of head or feed (= 100) 

c Pct concentrate grade 

Maximum pct concentrate grade obtainable at 100 pct 
recovery = percentage element present in mineral 
being concentrated (= 100 pct when dealing in 
terms of mineral percentages) 

t Pct tailing grade 

h=f Pct head or feed grade 

R Pct recovery 

Selectivity = (c —h)/(cmax—/) 

Smax 1.0 

Ite Concentration index 

I Maximum concentration index (for any given head or 
feed grade) 

Concentration efficiency 

E Metallurgical efficiency (Diamond) 

Sel Selectivity index (Gaudin) 

Absolute efficiency (Luyken and Bierbrauer) 


stituent m in the product N and nv is the number of 
products. 

This formula was proposed by Diamond’ and has 
been discussed by Gaudin.* When expressed in 
accepted mineral dressing terminology, i.e., per- 
centage of recovery R, percentage of concentrate 
grade c, and percentage of feed grade h, it can be 
resolved, for a two-component system, into the 
following expression 


(100 c) 
E=R+t+ 100 -C> (100 —h) 


2 


[2] 


where C is the percentage of concentrate weight. 
This formula could be modified to accommodate 
for a sampling operation. Let 


E' = 2E - 100 
where E’ is Modified Metallurgical Efficiency, then 


a 100 —c 
E‘=R+ [100 c+ 100 
and hence 


_100xR c-h 
100 [3] 


E} 


It will be seen that Eq. 3 is equal to Eq. 8; i.e., 
for a two-component system the Modified Metallur- 
gical Efficiency is equal to the Absolute Efficiency. 
Summation Index: The expression for Summation 
Index proposed by Gillies* has no denominator but 
is otherwise the same as that for Metallurgical 
Efficiency. 

Selectivity Index: 


iB Ra X Jb 
Ra) x (100 Jb) 


[4] 


where Ra is the percentage of recovery of constit- 
uenta in product A and Jb is the percentage of re- 
jection of constituent } in product B. 

The foregoing index was developed by Gaudin® to 
overcome the defects of the earlier index Coefficient 
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of Perfection’ which was similar in form to the 
Metallurgical Efficiency. The Selectivity Index is in 
fact a geometric relationship of the terms used in 


these two expressions. 
The foregoing formula can be expanded to the form 


(for a two-component system): 


RX =e = 

100 - h 

S.I. = 100 
(100 - R)xC — = 


[5] 


where c andh are expressed as mineral percentages. 
Absolute Efficiency: 


(y —x)C 
= NC ont 


where y is the grade of concentrate, y»,., is maximum 
possible grade of concentrate, x is grade of feed, C 
is percentage of concentrate weight, C,,, is theo- 
retical percentage of concentrate weight when 100 
pet recovery of the pure mineral is obtained. 

This formula was proposed by Luyken and Bier- 
brauer® and, although independently derived, has 
been shown (see above) to be of similar form to the 
Metallurgical Efficiency. 

Translated into usual nomenclature 


[6] 


Nebs = x 100 pet 


(c — h) C 
= ——{ X 100 pet 7 
Tlab s = h) p [ ] 
If assays are quoted as mineral percentages 
(c-h) C 
Nabs = (100 — x 100 pct 
which can be expressed also in the following 
forms 
_R (c-h) 
or 
R-C 


It can be seen that when c is large compared to 
h, the expression then resolves into 


(for low grade feeds 


x 100 
Tabs R). 


— 
Coal Washing Efficiency: Coal Washing Efficiency®’® 
is the measure of coal obtained by washing com- 
pared with that obtained from a heavy liquid separa- 
tion test and relates specifically to a gravity con- 
centration. As Gaudin’ has stated, it is a less 
rigorous measure than those used in concentration 
processes. This formula is of very limited applica- 
tion and therefore will not be considered further. 


PROPOSED: ‘‘CONCENTRATION INDEX’? AND 
**CONCENTRATION EFFICIENCY”’ 


Basic Requirements in Concentration Assessments: 
The following are defined as being the basic re- 
quirements to be fulfilled by any method designed 
to assess concentration operations: 1) That the 
number of terms required to make a quantitative 


= 
| 
= 


assessment be reduced to a minimum. (All proposals 
made to date have had this objective.) 2) Simplicity. 
It is considered that there can be no fundamental 
basis for any single quantifying expression and 
therefore such an expression should be reduced to 
the simplest terms and no attempt should be made 
to stress some part of the data more than another. 
3) That any quantitative expression should be appli- 
cable to all concentration operations and should 
present no obvious anomalies between one set of 
results and another. 4) The limits of such an ex- 
pression should be a) a minimum for any sampling 
operation (i.e., nil concentration should correspond 
to nil percentage efficiency of concentration) and 

b) a maximum for an operation resulting in 100 pct 
recovery at 100 pct grade. Variations in grade of 
head should also be accommodated and the assess- 
ment should be applicable to all multi- component 
systems. 5) That any efficiency expression com- 
pares the results obtained with the maximum 
theoretically possible and does not attempt to mea- 
sure the ease or difficulty of attainment; i.e., no 
attempt should be made to measure the operating 
variables but only the results obtained. 6) No 
attempt should be made to include economic con- 
siderations in the technical assessment of a con- 
centration operation. 

Development of a Concentration Index: It is gener- 
ally recognized and is stated by Taggart” that no 
existing proposal for expressing efficiency of con- 
centration has a physical significance that can be 
visualized. It is agreed that this is so but it is con- 
sidered that a logical approach can be made to the 
derivation of an abstract term and that any ex- 
pression produced should satisfy the basic require- 
ments in the foregoing section. 

As stated in item 1 above the number of terms 
used for assessment should be a minimum and 
therefore the ideal objective is to express the ef- 
ficiency of an operation by one value. i 

For the purpose of simplicity—item 2—it is ob- 


vious that the expression should be either the sum or 


the product of the terms representing recovery and 
selectivity. It was felt that the recovery could be 
expressed directly but the representation of selec- 
tivity was more complex. Four expressions are 
given below which are used in conjunction with re- 
covery to quantify concentrating operations: 1) the 
direct representation of the percentage of mineral 
or element in the concentrate (c); 2) the ratio of 
concentration and the percentage of concentrate 
weight (100/C and C); 3) the percentage of rejection 
of gangue in the tailing (Jb); and 4) the enrichment 
ratio (c/h). 

The grade of concentrate is unsuitable for quan- 
tifying concentration operations except when related 
to the head value. The ratio of concentration is not 
a direct representation of selectivity, nor of grade, 
and is of little significance for this purpose unless 
used in conjunction with head grade or recovery. 
The percentage of rejection of gangue in the tailing 
is not normally a directly determined value and is 
only an indirect method of assessing selectivity. 
The enrichment ratio which includes both concen- 


trate grade and head value appears to be the best 
method of approach to the representation of selec- 
tivity and there is a need to combine the enrich- 
ment term, i.e., the measure of the selectivity of 
an operation, with the recovery. The method of 
combining these two terms is of necessity that of 
multiplication. Addition or subtraction would not 
permit uniformity with the requirements of item 
4 above. Furthermore, to ensure that the index of 
any sampling operation equals zero it is necessary 
to modify the enrichment term by subtracting unity, 
which is the enrichment ratio of any operation re- 
sulting in nil selectivity. To keep figures of a 
reasonable order, recovery is best expressed as a 
decimal value. 

Concentration Index is therefore given by 


h 1) 700 [10] 
or 
R 
[11] 


since C equals Rh/c. 

A further requirement for a concentration index, 
implied in item 4 above, is that the value of the in- 
dex is at a maximum when R and c both equal 100. 
The grade c in terms of an element, is rarely 100 
pct but must equal the percentage of that element in 
the mineral under consideration for J, to be a max- 
imum. It will be seen that Eq. 10 conforms to this 
requirement. 

It will be noted that variations in the head value h 
will affect the index given by Eq. 10 and indices de- 
rived from different head values are not relateable; 
for head values of 0.1, 1.0, and 10 pct, the maximum 
indices will be 999, 99, and 9, respectively. Accept- 
ing that concentration to the same grade and recov- 
ery from the same mineral suite is more difficult 
for a low than a high-grade ore, then the higher 
index for the lower-grade ore is in accordance with 
the greater difficulty of concentration. The effi- 
ciency of a given operation must, however, be mea- 
sured by comparing the results obtained with the 
best theoretically possible. To attain this end it is 
necessary to evaluate the theoretical maximum, 
for any given concentration operation. The following 
formula defines the maximum concentration index 
for a given operation. 


— = 


where R,,.x equals 100, c,,,, is the content of element 
in mineral being concentrated. 
Expressing grades as mineral percentages 


= (122 1). 


Development of an Efficiency Term: To derive an 
efficiency expression applicable to ores and prod- 
ucts of different head or feed values it is necessary 
to express the Concentration Index as a percentage 


[12] 


= (Emax ) 
“700 


[13] 
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of the maximum index possible for the material 
being treated, i.e., 


I 


C max 


x 100. 


From Eqs. 10 and 12 


(coe 
or 


h) 


(c - 


—h) 


XR 


[14] 


[15] 


[16] 


where S is selectivity. Expressing grades as 
mineral percentages 


[17] 


The relationships between the various parameters 
of the efficiency equation (Eq. 15) are shown ina 
graphical form in Figs. 1 and 2. 

Fig. 1 shows the variation of E, with c and RA for 
three grades of feed. Fig. 2 shows iso-efficiency 
curves for recovery vs concentrate grade for a 10 
pct grade of feed. The data from which Fig. 2 was 
derived are presented in Table II. 


Table Il. Concentrate Grades for Various Recovery and E. Values for a 10 Pct Feed Grade 


Concentration 


Recovery R, Pct 


Efficiency, E, 10 20 30 40 50 60 70 80 90 100 

0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
1 19.0 14.5 13.0 12.3 11.8 11.5 11.3 17-1 11.0 10.9 
10 100.0 55.0 40.0 32.5 28.0 25.0 22.9 21.3 20.0 19.0 
20 100.0 70.0 55.0 46.0 40.0 35.7 32.5 30.0 28.0 
30 100.0 77.5 64.0 55.0 48.6 43.8 40.0 37.0 
40 100.0 82.0 70.0 61.4 55.0 50.0 46.0 
50 100.0 85.0 74.3 66.3 60.0 55.0 
60 100.0 87.1 77.5 70.0 64.0 
70 100.0 88.8 80.0 73.0 
80 100.0 90.0 82.0 
90 100.0 91.0 
100 100.0 
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COMPARISON OF THE APPLICATION OF THE 

NEW EXPRESSIONS ‘‘CONCENTRATION INDEX’? 

AND ‘‘CONCENTRATION EFFICIENCY’? WITH 
THAT OF OTHER FORMULAE 


Accepting the definition of basic requirements for 
a concentration index and efficiency expression, a 
comparison can now be made of the degree to which 
the various expressions (given previously) conform 
with these requirements and of their application to 
examples of concentration operations against the use 


of Concentration Index and Concentration Efficiency. 


Table III represents metallurgical balances for 
three concentration operations. 

Metallurgical Efficiency: Applying the formula for 
Metallurgical Efficiency to the data in Table III, 
values of 84.9 pct are obtained in cases two and 
one. Clearly then the Metallurgical Efficiency 
formula does not conform to the requirements of 
item 3 above, as it is obvious that the two sets of 
data considered do not represent concentration 
operations of equal technical efficiency. 

It can be shown that all sampling operations have, 
by the application of this formula, an efficiency (E) 
of 50 pct and this does not conform to the require- 
ments stated in item 4. It has also been shown 
(above) that this formula can be modified to accom- 
modate a sampling operation and that this modifica- 
tion is equal to the Absolute Efficiency for a two 
component system. 

Summation Index: Using the Summation Index, the 


90H 
gor 


70-4 


Fig. 2—Iso-efficiency 
curves relating re- 
covery to concentrate 
grade for a 10 pctgrade 


of feed. 
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Table III. Metallurgical Balance 
Pct Assay 
Product Pct Weight (Mineral) Pct Recovery 
Case One 
Concentrate 30.0 3.3 99.0 
Tailing 70.0 0.014 1.0 
Head 100.0 1.0 100.0 
Case Two 
Concentrate 1.0 70.0 70.0 
Tailing 99.0 0.303 30.0 
Head 100.0 1.0 100.0 
Case Three 
Concentrate 30.0 Bey) 99.7 
Tailing 70.0 0.004 0.3 
Head 100.0 1.0 100.0 


values obtained from the data in Table III, cases one 
and two, are equal at a value of 169.7; hence the 
criticism of the Metallurgical Efficiency formula is 
also applicable to Summation Index. 

Selectivity Index: Calculating the Selectivity Indices 
from the data in Table III, cases one and two give 
values of 15.5 and 27.8, respectively. These indices 
taken alone as measures of the individual concentra- 
tion operations cannot be criticized, as they rightly 
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Table IV. I. and E, Evaluations From Table III, Data Compared With Those for Other Formulae 


Table II! Metallurgical Pct Weight Pct Grade E 
Balance Reference Concentrate Concentrate Pct Recovery E Summation Index A. 
Case One 30.0 3:3 99.0 84.9 169.7 15.5 69.7 2.28 2s 
Case Two 1.0 70.0 70.0 84.9 169.7 27.8 69.7 48.3 48.8 

Case Three 30.0 BBY 99.7 85.2 170.4 28.4 70.4 223k 2.34 


reflect an obvious difference between the two sets 
of results. To show the weakness of this index term 
it is necessary to consider a further set of data in 
Table III, case three. Comparing the data in case 
three with that in case two, it will be seen that case 
three presents a slightly better result and the Selec- 
tivity Index value is 28.4. The concentration opera- 
tions providing the data for cases one, two, and three 
have S.J. values of increasing order. It has already 
been shown that results in case two have an index 
well in excess of that shown for those in case one 
and this is acceptable. It is not acceptable however 
that the slight improvement over the case one data 
indicated in case three should result in so great an 
increase in the Selectivity Index nor that this index 
should be greater than that for case two operation 
which is obviously more selective. 

Absolute Efficiency: The Absolute Efficiency has 
been calculated to be equal at 69.7 pct for the data 
of cases one and two, thus failing to satisfy the re- 
quirements in item (3) above. 

Concentration Index and Concentration Efficiency: 
These formulae having been designed to accommo- 
date all the basic requirements and inrespect to points 
1, 2, and 4 through 6 above, coverage is specific, but 
it is obvious that point 3 involves a very wide range 
of treatment operations and the degree of success 
attained by the proposed formulae in fulfilling re- 
quirement 3 can only be assessed in time when it 
has been used to evaluate a wide variety of opera- 
tions. However, evaluating the data in Table III, on 
which other formulae were judged, by applying 
Concentration Index and Concentration Efficiency, 
I,,and E,, values were obtained which are compared 


in Table IV with the evaluations by the other for- 
mulae. 

It will not be disputed that the data of Table III, 
case two, represent a more selective and generally 
efficient concentration operation and, of the for- 
mulae considered, only the J, and E, formulae put 
the results in an acceptable perspective. All other 
assessments in Table IV are biased by recovery. 
Further comparison between the new and existing 
efficiency formulae is made in Table V and in Figs. 
3 and 4 derived from Table V. 

Results in Table V and Figs. 3 and 4 refer to the 
application of the various indices and efficiency ex- 
pressions to the evaluation of gravity concentration 
operations as expressed by 1) cumulative recovery/ 
cumulative weight and 2) grade/cumulative weight, 
curves for monazite and ilmenite. It can be seen for 
both the monazite and ilmenite curves that the max- 
imum efficiency values obtained using the Metal- 
lurgical Efficiency and Absolute Efficiency are 
approximately at the point of maximum inflection of 
the recovery curves. The maximum Selectivity 
Index, excluding the anomalous points at the end of 
the curves, coincides with the point of flattening of 
the recovery curves. The maximum in the Concen- 
tration Efficiency curve occurs at a point before the 
maximum inflection of the recovery curves. The 
product weights, assays and recoveries for maxi- 
mum values of efficiency and index, using the dif- 
ferent efficiency and index terms, are shown in 
Table VI. 

Though the Concentration Efficiency was not de- 
signed to analyze stage concentration processes, 
it will be useful to consider its application to such 


Table V. Variations in Cumulative Pct Weight, Grade, and Recovery of Monazite and Ilmenite, With Corresponding Efficiency 
and Index Values, From a Gravity Concentration of a Beach Sand 


Cumulative 


Products Cumula- Cumulative Grade Pct Rec i i 
y Monazite IImenite 
Sands) Wt Pct Monazite Pct Ilmenite Monazite IImenite Ee E Tape E Nab 
s 
No. 1 Concentrate 0.4 50.9 S557, 20.7 0.86 10.45 60.3 20.5 11.4 0.20 50.3 0.6 1.70 
No. 2 Concentrate 21.4 65.0 69.6 12.6 14.35 83.6 67.1 9.4 
No. 3 Concentrate 4.4 18.0 68.6 80.5 18.2 13.85 88.5 76.9 10.45 11.34 58.3 16.5 3.63 
No. 4 Concentrate 6.3 13.9 1305 88.7 27.9 11053 91.67 11.6 519.01 63.00 9529018 4.36 
No. 5 Concentrate 9.3 9.96 78.5 94.0 44.0 8:51" 92:8 185.4 1310) 53261970) 65 
No. 6 Concentrate 14.0 6.88 80.8 97.8 68.3 5282, 99253) (84/6 17.1 952.610 OS: 
No. 7 Concentrate 22.0 4.45 72.4 99.5 96.1 3.48 89.2 78.2 27.2 64.29 94.4 88.8 17.7 
No. 8 Concentrate 24.6 3.98 66.2 99.5 98.4 3.01 87.8 75.6 25.2 58.63 94.2 88.6 23.5 
No. 9 Concentrate 27.1 3.62 60.1 99.5 98.4 2.64 86.6 72.9 23.6 51.42 92.7 85.6 20.3 
No. 10 Concentrate 30.9 Bly/ 52.8 99.5 98.4 2.20 84.7 69.4 21.4 42.68 90.5 80.8 17.1 
No. 11 Concentrate 88.2 be 18.7 99.7 98 .4 6.7 2220) 3.16 
— 50u slime 91.2 1.08 18.2 99.99 99 .97 0510) 954549 
1/4 in. + 10 mesh 98.6 0.999 16.8 99.99 99.97 0°28 1.71278 
—1in.+1/4in. sands 100.0 0.985 16.57 100.0 —-100.0 0.00 50.0 00 0.00 50.0 00 — 
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Fig. 3—Variations in 
efficiency and index 
values (E., E, Tabs, and 
S.I.) in relation to 1) 
cumulative recovery 
bercentage vs cumu- 
lative percentage of 
weight and 2) gvade 
percentage vs cumu- 
lative percentage of 
weight curves for a 
gravity separation of 
monazite from a beach 
sand. Legend: circles, 
E, curve; x’s, E curve; 
SqQUuareS Nabs Curve; 
diamonds, S.I. curve; 
plusses, percentage re- 
covery vs percentage of 
weight curve for mona- 
zite concentration; and 
triangles, gvade per- 
centage us percentage 
of weight curve for 
monazite concentration. 


operations, with recirculation of the appropriate 
products, could be expected to give a higher ultimate 
efficiency. The Metallurgical Efficiency, Absolute 
Efficiency, and Selectivity Index have in Figs. 3 and 
4 maximums which are biased by recovery. 


operations as a means of comparison with other 
formulae. It is considered that the maximum con- 
centration efficiency (Figs. 3 and 4) corresponds 
with the optimum combination of recovery and grade 
for a unit operation. However, a combination of 
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Fig. 4—Variations in 

efficiency and index 

5 values (E., E, Nabs, and 

+440 S.I.) in relation to 1) 

cumulative recovery 

percentage vs cumu- 

lative percentage of 

weight and 2) percentage 

of grade vs cumulative 
percentage of weight 
curves for a gravity 
separation of ilmenite 
from a beach sand. 

Legend: circles, E, 

curve; x’s, E curve; 

\ squares, Nabs Curve; 

Is diamonds, S.1. curve; 
plusses, vecovery per- 
centage vs percentage 

of weight curve for 

ilmenite concentra- 

al tion; and triangles, 

grade percentage vs 

percentage of weight 
curve for ilmenite 
concentration. 
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Table VI. Product Weights, Assays, and Recoveries 
Corresponding to Maximum Values of Efficiency and Index 
Derived from Table 4 Applying the Various Efficiency and 

Index Formulae 


Pct Mineral 
Effici 
or Taare. In Concen- Pct Re- 
Product Term Pct Wt In Head trate covery 
E, 3.0 0.985 24.5 67.5 
Monazite E 11.3 0.985 8.3 96.0 
0.985 8.3 96.0 
ti Nabs 
S.L. 21.0 0.985 4.6 99.5 
Be 20.0 16.57 76.0 90.5 
Ilmenite E 23.3 16.57 69.0 97.7 
separa 23.3 16.57 69.0 97.7 
tion abs 
ie 24.6 16.57 66.2 98.4 


EXAMPLES OF THE APPLICATION OF THE 
I, AND E, 


Application to Scatter Diagrams: The assessment of 
test data can be assisted by the use of the scatter 
diagram proposed by Mortenson.’ A disadvantage of 
this method is the need to plot and assess two 
values, e.g., recovery and grade. It is suggested 
that J, or E, be used in scatter diagrams to repre- 
sent, by a single value, the results of each operation. 
The usefulness of applying a concentration index or 
efficiency term to Mortenson’s method of evaluation 
is well illustrated by the following example. 
Mortenson relates flotation recovery and con- 
centrate grade to pH and collector quantity from 
test results on a pyrite-copper dump ore by means 
of a scatter diagram showing iso-recovery and iso- 
grade lines as in Fig. 5. Using data from this dia- 
gram, and interpolating from the curves where nec- 
essary, a scatter diagram in terms of iso-concentra- 
tion index values has been derived (Fig. 6). Com- 
paring the two methods it will be seen that the areas 
produced by using the/, figures are more clearly 
delineated than those bordered by iso-grade and iso- 
recovery lines. By reducing the number of terms 
quantifying any given operation it is possible to in- 
crease the number of variables that can be simul- 
taneously accommodated by the diagram. A further 
advantage of plotting J, values is that it results in 
continuous efficiency contours which present a more 
comprehensive representation of the system. 
Mortenson’s diagram although showing the best con- 
ditions cannot give a continuous representation of the 
effect of the variables. It is considered that the use 
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Figs. 5 and 6—Illustration of application of I, to 
scatter diagrams. Top (Fig. 5) Mortenson scatter 
diagram on test results from a pyrite-copper dump 
ore. Below (Fig. 6) scatter diagram using concen- 
tration indices on test results from a pyrite-copper 
dump ore, (refer to Table XI). 


of J, and E, values in scatter diagrams is a very 
satisfactory means of representing concentration 
results visually. 
Application to Multi- Component Systems: To apply 
the Concentration Index or Concentration Efficiency 
to multi-component systems it is necessary to con- 
sider separately the efficiency of concentration of 
the mineral or metal concentrated in each product. 
This is illustrated by the following examples. 
Example 1—The results in Table VII are derived 
from a metallurgical balance obtained at the Que- 
mont concentrator. 


Table VIII. Metallurgical Results at Santa Barbara 


Table VII. Metallurgical Results at Quemont Assay, Pct Pct Distribution 
ct 
Assay, Pct Pct Distribution SSS Weight Lead Copper Zinc Lead Copper Zinc 
Products Copper Zinc Pyrite Copper Zinc Pyrite 

Copper concentrate 19.10 3.65 14.00 93.25 13.50 6.70 Copper con- 
Zinc concentrate 1.04 51.00 1.50 2.00 75.00 0.20 Ceatrate 960.99) 6.97 29.60 13.23) 0.6 
Pyrite concentrate 0.09 0.65 81.00 1.20 6.25 75.00 
Tailing 0.08 0.17 5.00 5.25 18:10 Tailing 
2-20) 22-00" 100.00)" 100-00 10000" "Head 100.00 3.82 0.70 5.41 100.0 100.0 100.0 
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Table IX. Size-Assay Analyses of Flotation Products From the Abenab West Concentrator and the Concentration 
Efficiencies for Each Size Level 


Calculated Feed Concentrate 
. P 
Size Fraction (Tyler Mesh) Pct Distribu- Pct Distribu- eB at 
+ Nominal p Pct Wt Pct V205 tion, V205 Pct Wt Pct Vo05 tion, V205 Fraction Ee 
+150 size 13.8 0.64 5.4 4.1 14.53 3.8 60.6 39.2 
+ 200 size 7S 0.98 4.3 4.1 14.56 3.9 74.8 48.1 
+270 size 7.1 1.35 5.8 5.9 15.10 5.7 84.2 55.8 
+325 size 5.5 1.50 5.0 5.3 15.11 5D 88.4 58.4 
+20 14.7 3.66 32.4 34.9 16.39 37.0 96.4 66.5 
+10p 12.4 1.24 9.3 9.2 15.34 9.2 83.4 56.4 
+ 5p 8.7 1.44 7.6 6.7 15.46 6.7 74.2 50.4 
= Sh 30.5 1.63 30.2 29.8 14.78 28.5 79.9 51.3 
Head, calculated 100.0 1.65 100.0 100.0 15.46 100.0 84.6. S71 
descloizite (22.1 pct V20;). With insufficient data 
ws available to consider each mineral separately it is 
19.1- 1.6 necessary to evaluate c,,,, in terms of the highest 
EB. (copper) = 34.62 16 X 93.25 = 49.4 pct grade mineral, descloizite, which from practical 
‘ was found to contain 22.1 pct V2O;. The cor- 
; 51.0 -— 2.2 ici i i ili 
E, (gins) rect efficiency figures would in all probability be 
67.1 — 2.2 higher than those quoted in the foregoing table. The 
figures however do bear a correct relationship for 
E. (pyrite) = 100 — 22.0 * 75.0 = 56.7 pct. any of the given size fractions. 


Example 2—The results in Table VIII are derived 
from a metallurgical balance obtained from typical 
results at the Santa Barbara mill, Chihuahua, 
Mexico.”® 


E, (lead) = 84.0 = 62.4 pct. 
E, (copper) = Beas x 41.8 = 35.6 pct. 
_ 56.06 — 5.41 


E,, (zinc) x 80.4 = 66.1 pct. 


67.1 5.41 
For both examples, lead, copper, and zinc have been 
assumed to be present in the ores as PbS, CuFe&:, 
and ZnS, respectively. 

Application to Size-Assay Analyses on Concentration 
Operations: The results in Table IX refer to size- 
assay analyses of flotation products from a 48-hr 
plant test at the Abenab West mine, “ and to the Con- 
centration Efficiencies evaluated for the different 
size levels. It should be noted that with this partic- 
ular concentration operation the vanadium is pres- 


The efficiency values were derived using the head 
value of the particular size fraction under investi- 
gation. 

Application to Classification Operations: Classifying 
operations can be regarded as concentration opera- 
tions inasmuch as the concentrate grade c is repre- 
sented by the percentage of finer than a specified 
size in the overflow, the tailing grade ¢ by the per- 
centage of similar material in the sands fraction, 
and the head grade h by the percentage of similar 
material in the feed. C is percentage weight of the 
overflow, T the percentage weight of the sands 
fraction, and H equals 100 pct. It is now possible to 
apply the Concentration Efficiency formula in any 
of its forms to classification operations. However 
the following two forms are the most convenient. 


Table XI. Data Abstracted from Fig. 5 (h = 0.7 Pct Cu) 


j i ini Pct R, Pet C 
ent in two minerals,* vanadinite (17.5 pct V2O;), and oH 
*Concentrates in which the valuable element(s) is present in more 
than one mineral species are considered later in this paper. 
4.2 80 68 6.4 5.54 
4.2 100 90 7.0 8.10 
Stee 4.75 115 58 6.84 5.09 
Table X. Results of Cyclone Desliming at 24» 5.25 125 55 5 88 4.07 
5.25 70 64 8.64 Urges 
j Material i 5 
Pct Wt Material in 244 Material in E., 5.70 115 59 i a3 
Azo 24 6.2 100 84 
Test O.F. U.F. Feed O.F. U.F. O.F U 321 
7.0 100 56 6.7 5 
1 5.1 94.9 10.57 98.4 5.85, 47.5 52.5 46.6 76 100 44 St 77 
Z 5.2 94.8 10.93 91.8 6.49 43.7 56.3 37.7 
3 8.3 91.7 15.69 97.6 8.27 51.6 48.4 50.1 *K — ethyl xanthate, grams per ton of ore. 
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An example of the Concentration Efficiency as 
applied to the evaluation of a cyclone operation, is 
given in Table X. 

Dean’s equation, E=10,000C/Fx (c -f)/f (100-/), 
relating to efficiency of classification, has already 
been shown” to be equal to the Absolute Efficiency 
Nabs: The criticisms of this expression therefore 
apply equally well to Dean’s formula. 


LIMITATIONS OF THE APPLICATION OF THE 
I, AND E, 


The Concentration Index and Concentration Effi- 
ciency can only be applied to a concentration opera- 
tion, this being defined as an operation which, when 
applied to a material, results in two or more prod- 
ucts at least one of which has a grade in excess of 
that of the original material. 

Application to the Concentration of a Number of 
Minerals Containing the Same Valuable Element: 
When an element being concentrated is present in 
more than one mineral species, and its content 
varies in those species, then special consideration 
is necessary in applying efficiency formulae. 

The ideal method of application is that the E, be 
determined for each of the mineral species sepa- 
rately. This necessitates the determination of the 
appropriate mineral content of the products. Quan- 
titative mineral content assessments recently have 
been demonstrated to be applicable on a routine 
basis for the evaluation of a concentration opera- 
tion.*” If however for economic or other reasons it 
is not expedient to assess the individual mineral 
contents, one of the following methods could be 
used: 1) calculation of E, using a value for C,,,, equal 
to the maximum element content present in any of 
the minerals; and 2) use of the I,, the value of which 
is not related to C,,,,. It will be seen that the 1, 
value, Eq. 10, is representative of enrichment and 
recovery whereas E,, necessitates the definition of 
Cymax, and unless the mineral having the maximum 
elemental content is used to evaluate c,,,,, anom- 
alies can arise in the EF, results. It must also be 
appreciated that by using this method of evaluation 
Of Cyyax the E, values obtained will be lower than the 
actual concentration efficiencies, since the true 
value for C,,,, Will be lower than that based on the 
mineral with the greatest elemental content. 

The Effect of the Variation of the Head Grade on the 
I: While the Concentration Efficiency was designed 
to accommodate for variations in head grade, the I, 
value is affected by such variations and when un- 
related to Ic¢max, anomalies may arise. From calcu- 
lations it has been found that for variations in head 
grade up to + 10 pct and for ratios of enrichment of 
greater than four, the percentage of variation in the 
I, value is approximately equal to the percentage of 
variation in the head, but of opposite sign, for con- 
stant recoveries and concentrate grades; for en- 
richment ratios of less than two, variations in head 
grade produce a considerably higher corresponding 
variation in the], values. Variations of greater than 
10 pct in the head grade give rise to wide variations 
in I, values dependent upon the enrichment ratio and 
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also upon whether the variation in the head grade 
represents an increase or decrease in grade. Itis 
of interest to note that variations in head value also 
affect the Selectivity Index. 

On application of the J, value to a specific ore, 
therefore, consideration should be given to the 
effect of variation of the head value. 


SUMMARY AND DISCUSSION 


The basic requirements of a formula for concen- 
tration efficiency have been defined and subsequent 
sections show the development of a formula fulfilling 
these requirements. The fact that it is realized by 
many that there is no fundamental basis for the de- 
velopment of a single quantifying expression has led 
to the opinion, held by some, that any expression is 
only valid if it includes economic as well as tech- 
nical efficiency. It is felt, however, that technical 
efficiency can be divorced from economic efficiency 
and where insufficient data is available to apply 
economic considerations, technical efficiency is the 
only means of assessing the achievements of a con- 
centration operation. It is axiomatic that maximum 
technical efficiency is achieved when 100 pct re- 
covery is obtained at 100 pct grade, i.e., when re- 
covery and selectivity are at a maximum, and that 
the technical efficiency is a minimum when either 
recovery or selectivity is nil. This is clearly unre- 
lated to economics. It is stressed that Concentration 
Efficiency is a measure of the technical efficiency of 
a concentration operation. 

It has already been stated in item 5, previously, 
that an efficiency expression should not attempt to 
measure the ease or difficulty of attainment. A con- 
tributing factor to the difficulty of attainment of a 
given result is the change in head grade. It is gen- 
erally accepted that a concentrate grade of say 60 
pct is more easily obtained from a feed of 1 pct than 
from a feed of 0.01 pct, recovery being equal; also, 
for the same feed and maintaining the same grade 
of concentrate it is more difficult to augment re- 
covery, the higher the recovery becomes. In neither 
case are these difficulties capable of quantitative 
expression. Therefore the logical method of ex- 
pressing recovery and selectivity is by a simple 
relationship, i.e., a linear relationship. It is of 
interest to note that recovery has in all formulae 
been expressed as a linear term. It is clear that 
selectivity should also be expressed as a linear 
term. As implied before, the enrichment ratio 
modified to (c/h — 1), to accommodate for a sam- 
pling operation, is representative of selectivity for 
constant head grades. Further development, as 
presented before, has resulted in the expression 
(c — h)/(Cmax — 2), which is the selectivity S of any 
concentration operation. Thus the Concentration 
Efficiency, E,, is the simple multiple S x R. Fig. 1 
illustrates the linear relationship of E, toc and also 
the effect that variations in feed grade have on Os 
Such a presentation offers a simple method of as- 
sessing results of concentration operations. Table II 
and Fig. 2 illustrate that low recoveries and low 
concentrate grades relative to feed grade, will give 


low efficiencies irrespective of the complementary 
grade or recovery values. Fig. 2 also illustrates 
that the iso-efficiency lines approximate to straight 
lines for high efficiencies and the contour approaches 
the 0 pet recovery line and feed grade line, for low 
efficiencies. 

Limitation of the application of E.. in connection 
with the concentration of minerals containing the 
same valuable element is due to the present limita- 
tions of analytical methods and not to the formula. 
The effect of the variation of head grade on the if 
must be taken into account if the J, is to be used in 
assessing concentration operations and it is recom- 
mended that the E, expression should be used in 
preference wherever possible. A final limitation of 
application of any method of assessment of concen- 
tration operations can be clearly illustrated by 
reference to Figs. 3 and 4, where it can be seen 
that all efficiency and index curves rise steeply to- 
wards a maximum and then fall off quite sharply; 
the cut-off point in any concentration operation is 
very critical and anomalies may arise in comparison 
of testwork if this is not taken into account. The best 
method of comparison is by carrying out stage con- 
centrations for each test and interpolating the max- 
imum efficiencies, since these are directly com- 
parable. However these anomalies are again not 
due to a limitation of the formula but to a limita- 
tion imposed by using test data which can include 
the effects of a variable which is difficult to control 
with precision, for example, time of float in flotation 
and operator variable. 

The J. and E, can be applied to the assessment of 
all concentration operations, limited only by those 
considerations mentioned previously. Of the appli- 
cations mentioned, the use of £, in conjunction with 
scatter diagrams and its application to classifica- 
tion operations are considered to be the two of 
greatest importance. 

Considering the existing formulae, Metallurgical 
Efficiency, Summation Index, Absolute Efficiency, 
and Selectivity Index, it can be shown that all these 
formulae are based on a combination of recovery 
of values and rejection of gangue. This is illus- 
trated by 


Sum. Index = R+Jb, 100 


RxdJb 


The first three expressions are relateable 


Sum. Index _ “bs + 50). All these expres- 


2 


sions, E, Sum. Index, 7,1;, and S.J., give anomalous 
results. 


(B= 


The Concentration Efficiency which, differing 
from the other formulae, is the product of recovery 
and selectivity, shows no anomalies between the 
results from metallurgical balances, cases one, two, 
three in Table III and, in Figs. 3 and 4, gives a 
correct weighting to grade and recovery. This is 
well illustrated in Table VI, which relates the 
maximum, efficiency, or index value to product 
weights, assays, and recoveries, and also in Figs. 3 
and 4, where the FE, curves fall within an area 
bounded by both the grade and recovery curves. 
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FLOTATION OF SPODUMENE-BERYL ORES 


The U.S. Bureau of Mines has been experimenting with flotation processes 
to separate the spodumene-beryl ores mined at Kings Mountain, N.C. The 
success to date as well as the present status of the process 1s discussed. 
Further experimentation is underway and studies will be made on the milling 


costs involved in the flotation process. 


Wee pegmatites of the Kings Mountain-Lincolnton, 
N.C., area constitute the largest known domestic 
reserve of beryl and spodumene. The reserve is es- 
timated to contain 90 million tons of pegmatic mate- 
rial with 1,280,000 tons of recoverable Li,O (lithia) as 
spodumene.* The pegmatites also contain 0.4 to 0.5 
pct beryl disseminated throughout the orebodies. The 
pegmatites may contain a potential reserve of 240,- 
000 tons beryl, equivalent to approximately 34,000 
tons of BeO. 

Different flotation methods for separating beryl 
from feldspar or quartz, or both, have been devel- 
oped by various investigators.?-? On the other hand, 
published information is limited on concentration of 
spodumene-beryl ores. As the response of beryl and 
spodumene to flotation is essentially the same, a 
successful separation of the two minerals depends 
upon use of a selective depressant or a selective 
collector for one of the minerals. 

Several years ago, the U.S. Bureau of Mines, re- 
cognizing the need for developing a large domestic 
supply of strategic beryl, undertook studies to devel- 
op improved methods of recovering this mineral. 
Because of the low beryl content of the pegmatites, 
economic production of the beryl entails its recov- 
ery as a byproduct of spodumene flotation. Thus, 
the development of procedures that would provide 
for maximum recoveries of the spodumene, as well 
as the beryl, was a primary objective of the studies. 
Tests were made on run-of-mine ore and spodumene 
flotation tailing from the Foote Mineral Co.’s spodu- 
mene concentrator at Kings Mountain (Fig. 1). Pet- 
rographic analyses of the ore and flotation tailing 
are given in Table I. 

Detailed analyses and examinations of the ore and 
tailings revealed that the beryllium was present in 
the form of a low-alkali beryl. The crystals were 
small, rarely larger than 14-mesh diam, and were 
clear and colorless. 

About 10 pct of the LizO content of the ore was 
present in the mica and feldspar components of the 
pegmatite. In some weathered ores the associated 
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clays also contained small amounts of lithia. This 
is typical of pegmatites in the Kings Mountain area. 


LABORATORY TESTS 


In the past, a vigorous chemical treatment of the 
spodumene surfaces with acid or caustic soda has 
been considered essential for satisfactory selective 
flotation of the spodumene from the other minerals 
in pegmatites. Many tests were made during this in- 
vestigation to determine if chemical treatment of 
the spodumene could be eliminated in favor of a re- 
agent combination that would depress the other min- 
erals while selectively floating the spodumene. A 
simple reagent combination and process was devel- 
oped that gave better spodumene recovery and grade 
of concentrate than the more elaborate acid or caus- 
tic treatment methods previously used. 

The finely ground ore pulps were conditioned with 
either an ammonium, alkali, or alkaline earth lignin 
sulfonate and sodium fluoride, and the spodumene 
was floated and cleaned using oleic acid as the col- 
lector. The spodumene tailing was deslimed, con- 
ditioned with sulfuric acid and coco amine acetate, 
and floated to reject mica. The mica tailing was 
thickened and conditioned with hydrofluoric acid, 
then washed to remove the acid. The washed pulp 
was conditioned with sodium hydroxide for pH con- 
trol, andthe beryl was floated and cleaned with oleic 
acid as the collector. Table II summarizes the re- 
sults of the laboratory test work. 

About 77 pct of the spodumene and 75 pct of the 
beryl were recovered from the pegmatitic material. 
The spodumene concentrate assayed 6.1 pct LizO 
and 0.01 pct BeO, and the beryl product assayed 3.0 
pet Li,O and 1.57 pct BeO. Similar results were ob- 


Table |. Petrographic Analysis of Ore and Flotation 
Tailing From Foote Mineral Co. 


Analysis, Pct 


Mineral Ore Tailing 
Spodumene 18.0 4.5 
Beryl 0.4 0.5 
Mica 5.0 6.0 
Quartz 32.5 38.5 
Feldspar 43.5 50.4 
Other 0.6 0.1 
Composite 100.0 100.0 


Fig. 1—Concentrator at Kings Mountain, N. C. where USBM is conducting research on flotation of spodu- 
mene-beryl ores. 


tained in tests of four other pegmatites, two from 


other deposits in North Carolina, one from Hill City, 


S.D., and another from Val d’Or, Quebec. 


PILOT PLANT TESTS 


Spodumene Flotation: The laboratory investigation 
was promising enough to warrant further testing of 
the spodumene flotation step of the process ina 


small continuous flotation pilot plant with a capacity 


of about 150 lb of dry feed per hour. The ore was 
crushed to -1/4 in., then wet ground continuously in 

a rod mill operating in closed circuit with a rake 
classifier to overflow —48-mesh material. The clas- 
sifier overflow pulp was fed to a hydroseparator to 
remove clay and thicken the pulp to 40 to 45 pct sol- 
ids. The hydroseparator underflow was conditioned 
with 2 lb of sodium fluoride and 2 lb of lignin sulfo- 
nate per ton of ore. The discharge from the first con- 
ditioner flowed to a second conditioner, where 0.96 


Table Il. Laboratory Flotation of Spodumene, Mica, and Beryl 


Analysis, Pct 


Distribution, Pct 


Weight, 

Product Pct Li20 BeO Mica Li20 BeO Mica 
Spodumene concentrate 19.2 6.1 0.01 0.4 77.4 3.9 2 
Mica concentrate 6.0 0.9 0.01 94.5 3.6 ise) 89.0 
Beryl concentrate Tipe, 3.0 157 2:0 4.5 74.9 0.7 
Beryl middling 0.9 0.6 0.28 1.0 0.3 5.2 0.1 
Tailing TAO 0.3 0.01 0.8 14.2 14.7 9.0 

Composite 100.0 15 0.05 6.4 100.0 100.0 100.0 
Pounds per ton of ore 
Spodumene Mica Beryl 

Conditioner Cleaner Conditioner Cleaner Conditioner Cleaner 

Ist 2nd Ist 2nd 3rd Ist 2nd Ist Ist 2nd Ist 2nd 
Sodium fluoride 2.0 - - = - 
Oleic acid 0.96 = = = 0.8 
Sulfuric acid = = 2.0 = = = 
Coco amine acetate - 0.16 = = 
Hydrofluoric acid - = = = = = = 
Sodium hydroxide — = = = = = = 
Conditioning time, min 5 5 3 1 = 


Pulp pH 
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Table III. Summarized Results of a Small-Scale 
Continuous Spodumene Flotation Test 


Analysis, Pct Distribution, Pct 
Weight, Spodu- Spodu- 
Product Pct BeO Li20 BeO mene 
Spodumene con- 
centrate 2035 6.00 0.01 83.0 
Flotation tailing 71.9 0.44 0.05 3.0 19.4 89.2 11.2 
Hydro-separator 
overflow 7.6 1.10 trace - 
Composite 100.0 1.62 0.04 19.1 100.0 100.0 100.0 


lb of oleic acid per ton of ore was added as the spod- 
umene collector. The pulp then was floated to re- 
cover a spodumene concentrate. The tailing from 
the rougher cells flowed to a single cell, operated 
as a scavenger, to remove additional spodumene 
from the floating tailing. The froth from this unit 
was recycled through the last rougher cell. The 
rougher concentrate flowed to a bank of flotation 
cells for three-stage cleaning. Results of the con- 
tinuous test are summarized in Table ITI. 

The cleaner concentrate assayed 6.0 pct LizO and 
accounted for a Liz recovery of 75.5 pct. The con- 
centrate contained 83 pct spodumene by petrographic 
analysis, representing a spodumene recovery of 88.8 
pet. About 11 pct of the lithia in the ore was not 
present as spodumene but was associated with the 
mica, feldspar, and clay. 

Beryl Flotation: Small-scale continuous tests were 
also made to substantiate the laboratory test results 
obtained on beryl flotation. Rather than treat the 
crude ore to remove the spodumene before the beryl 
flotation, tests were made of spodumene tailings be- 
ing produced at Foote Co.’s spodumene concentrator. 

As the plant tailing contained unrecovered spodu- 
mene, the purpose of the tests was to recover the 
beryl and spodumene together as a bulk concentrate 
that could be re-treated to produce enriched beryl 
and spodumene products. This method was attractive 
because it would enable recovery of additional spod- 
umene from the pegmatite to pay part of the re-treat- 
ment cost. 

A part of the concentrator tailing, containing about 
150 lb of dry feed per hour, was diverted to the pilot 
plant. The pulp was conditioned with 2 lb of hydro- 
fluoric acid per ton of dry feed for 5 min at a pH of 
3.8. The conditioned pulp was then washed in a spiral 
classifier to give a sand product for flotation and re- 
move the acid from the pulp. The washed sands were 
admixed with water to produce a pulp containing 
about 30 pct solids in the slurry; and then they were 
conditioned with 0.9 lb of sodium silicate, 0.3 lb of 
sodium hydroxide, and 0.9 lb of oleic acid per ton of 
dry solids. The pH of the pulp was 7.3. 

The pulp was floated to produce a rougher concen- 
trate which was then triple-cleaned. The middling 
product was returned countercurrently to the rougher 
cells. The beryl concentrate assayed 1.25 pct BeO 
and 4.45 pct LizO; about 87 pct of the beryllium and 
66 pct of the lithia was recovered. The bulk concen- 
trate also contained about 12.5 pct mica, 10.5 pct 
feldspar, and 5.5 pct quartz. A simplified flowsheet 
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3-stage cleaning 


Beryl-spodumene concentrate 


Fig. 2—Flowsheet for USBM process to recover 
beryl-spodumene concentrates. 


for recovery of the bulk beryl-spodumene concen- 
trate is shown in Fig. 2. 

Batch Treatment: Because of the difficulty of pro- 
ducing enough bulk spodumene-beryl concentrate 
from the low-grade tailings for further continuous 
cleaning tests, the recovery of enriched beryl and 
spodumene products was carried out by batch re- 
treatment consisting of three stages, as follows: 1) 
rejection of the mica, 2) flotation of the spodumene, 
and 3) flotation of the beryl. 

The bulk beryl-spodumene concentrate was con- 
ditioned with 10 lb of sulfuric acid per ton of dry 
feed to remove the fatty acid collector from the 
mineral surfaces. After washing the pulp to remove 


Table IV. Flotation of Mica, Spodumene, and 
Beryl From Bulk Concentrate 


Analysis, Pct Distribution, Pct 


Weight, 

Product Pct Lizg0 BeO Mica Liz0 BeO Mica 
Mica concentrate 13.1 1.89 0.28 94.5 5.6 3:3, 94:2 
Spodumene con- 

centrate 6:60) 510.3310: 83:6) 
Tailing 18.0 3.9 1.4 

Composite 100.0 4.40 1.10 


13.1 100.0 100.0 100.0 


the fatty acid, it was conditioned with 2 lb of sul- 
furic acid and 0.2 lb of coco amine acetate, then 
floated to reject the mica. The mica concentrate 
contained about 94 pct mica. Quartz, spodumene, 
and beryl, in the order named, were the principal 
contaminants in the mica concentrate. 

The mica tailings were conditioned with 1.5 lb of 


magnesium lignin sulfonate, 1.5 lbof sodium fluoride, 


and 0.8 lb of oleic acid per ton of feed. The spodu- 
mene was then floated and cleaned twice. The con- 
centrate assayed 6.6 pct LizO and represented an 
overall recovery of 84 pct of the lithia in bulk con- 
centrate. About 80 pct of the beryl was retarded in 
the tailings. 

The spodumene tailings and middlings were com- 
bined and conditioned with 2 lb of hydrofluoric acid 
per ton of bulk concentrate. Then the acid was 
washed from the pulp, and the product was condi- 
tioned with 0.3 lb of sodium hydroxide and 0.48 lb of 
oleic acid per ton of feed. A beryl rougher concen- 


trate was floated at a pHofabout 7 and cleaned twice. 


The resulting concentrate contained 6.37 pct BeO 
and 2.57 pct Li.O, accounting for a beryl recovery 


of 76 pct. The overall recovery of beryllium from 
the spodumene plant tailings was about 66 pct. The 
results of the tests of the bulk concentrate are sum- 
marized in Table IV. 

The USBM has built a 2-tph pilot plant at Kings 
Mountain and is continuing its program on beryl re- 
covery. Final results and milling cost studies will 
be available when these tests end. 
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BUNKER HILL’S CONCENTRATOR 


A detailed description is given of Bunker Hill’s concentration process em- 
ployed at the company’s lead-zinc property in the Coeur d’Alene district, 
Idaho. The plant is equipped to process 3000 tpd of Pb-Zn ore. 


es history of the Bunker Hill mine dates back to 
Aug. 26, 1885, when Noah S. Kellogg found the out- 
crop of the Bunker Hill orebody on the hillside of 
Milo Gulch above the present town of Wardner, Idaho. 
A small concentrator was erected in 1886, and before 
the railroad came, the mine output was transported 
by mule teams to the head of navigation on Coeur 
d’Alene Lake. After ten years of production, an inter- 
est was purchased in the Tacoma smelter at Tacoma, 
Wash., to which the entire output was shipped. In 
1916 and 1917, a modern lead smelting plant and re- 
finery was erected, and a modern electrolytic zinc 
reduction plant was built in 1927-1928 by the Sulli- 
van Mining Co. which was 50 pct owned (and now to- 
tally owned) by the Bunker Hill Co. 

The first concentrator, a 100-tpd capacity plant, 
was built in 1886 near the Reed Tunnel in Wardner. 
The treatment consisted simply of crushing ore to 
2 in. and then to 1/2 in. through rolls in closed cir- 
cuit with a bucket elevator and trommel screen. The 
undersize was further sized in trommels to 10 mm 
and 3 mm. Oversize from the latter was treated in 
Hartz jigs. The 3 mm undersize was classified in 
crude hydraulic classifiers furnishing sands to sand 
jigs, the overflow being dewatered in a long V tank 
which supplied sands to a Cornish buddle and to Frue 
vanners. The concentrates were of excellent grade, 
old records showing assays of 69 pct lead and 29 oz. 
of silver per ton. Tailings were high inasmuch as 
the provision for treating the slimes was inadequate. 

Since the erection of the first mill, the Bunker 
Hill plant has gone through many changes and im- 
provements. In succeeding years, the flowsheet was 
enlarged somewhat with Huntington and Chilean mills, 
vanners, tables, ball mills, and flotation cells being 
progressively added. In the transition period to the 
present day practice, the object was not only to im- 
prove the equipment for better mechanical perform- 
ance, but to add new equipment whenever practicable 
so as to improve both grade and recovery of the prod- 
uct at a lower cost. For the modern plant and flow- 
sheet, see Figs. 1 and 2. 

The history of flotation at Bunker Hill dates back 
to 1913 when experimental work was done in a cell 


N. J. SATHER is Superintendent of Concentration, The 
Bunker Hill Co., Kellogg, Idaho. TP 61B5. Manuscript, Sept. 
21, 1960. St. Louis Meeting, February 1961. Discussion of 
this paper, submitted in duplicate prior to July 1, 1962, will 
appear in AIME,Transactions (Mining), 1962, vol. 223. 
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by Norman J. Sather 


in which the pulp was circulated through a centri- 
fugal pump set outside the cell and discharged 
against a baffle in the cell. The cell was built with 

a spitzkasten, and the quiet zone in the latter tended 
to let the froth break down before it got to the over- 
flow weir. To remedy this situation, a belt drag with 
light metal flights was arranged for drawing off the 
froth over a ramp in each cell. Recovery of lead was 
not as high as present day practice, but was so much 
better than the vanners that the cells were multiplied 
gradually to eight cell units. The mill men called 
them mud hens. Flow between the cells was con- 
trolled by a weir, which determined the pulp level in 
each cell. These early machines were called Bunker 
Hill machines. The tailings were later treated in 
pneumatic scavenger flotation machines in a series, 
producing concentrates for retreatment in the Bunker 
Hill cleaners as well as the final tailings. 

This system of flotation served with minor changes 
until the Fahrenwald machine was developed at 
Bunker Hill during the period from 1921 to 1925. In 
1925, the Fahrenwald flotation machine gradually re- 
placed the Bunker Hill machine, although the Hearing 
pneumatic scavengers for retreatment of the tailings 
from the Fahrenwald machines were retained in the 
lead section until 1928. The use of the Hearing pneu- 
matic machine for cleaning the rougher concentrates 
was begun in 1924. 

In 1941, plans were made for remodeling and mod- 
ernizing the concentrator, the goal being a modern 
concentrator employing the latest equipment and 
milling practices. The old wooden building was to be 
replaced by a steel and concrete structure. 

Shortly after preliminary work got under way, the 
United States entered World War II and the demands 
for metals increased. To meet this requirement, the 
management decided to increase the capacity of the 
concentrator to 1800 tpd. This was accomplished in 
record time by the construction and operation of a 
sink-float plant. Installation of this plant was the 
first step in the general plan for modernization. In 

1947 the concentrator (including the sink-float plant) 
was enlarged to handle 3000 tpd. Milling operations 

today are at the rate of 2300 tpd, five days per week. 
During 1959, 453,000 tons of ore was beneficiated. 

The Bunker Hill concentrator is in three sections: 
the crushing plant, a 3000-ton capacity storage bin, 
and the concentrator building. The crushing plant is 
of wood design with a gunnite-coating on the exterior. 


Fig. 1—Bunker Hill’s mine plant with crushing plant, 3000-ton storage bin, and main concentrator build- 
ing in the center. Note the tailings pipeline to the tailings pond in background, left. The buildings in the 
foreground are the mine dayhouse and electric shop, forming a right angle at center. 


The storage bin is of reinforced concrete, measuring 
50 ft diam and 24 ft in height. The main concentrator 
building, which houses the grinding, flotation, thick- 
ening, and filtering sections is 265 ft long and 168 ft 
wide. 


CRUSHING PLANT 


Transportation: From the underground No. 1 hoist 
pocket at the mine site, the ore is transported by e- 
lectric trolley trains approximately two miles to the 
crushing plant, the last 1000 ft being above the 
ground. The cars, 18 to a train, hold 4.2 tons each 
and are of hopper bottom design. These cars are 
known as Big Sam’s, a name given them by an old- 
time blacksmith. 

Primary Crushing: The ore from the bottom dump 
cars is unloaded into ore bins at the primary crusher 
plant. The bins consist of six sections with a total 
live load capacity of 1400 tons. From the bins, the 
ore is transferred by 11 chute feeders onto a 42-in. 
conveyor which carries the material under a 65-in. 
diam magnetic separator for removing hammer 
heads, etc. The ore is then fed by a 42-in. conveyor 
to a 4x8-ft single deck screen containing 2 x3-in. 
slotted holes. Oversize is sent by gravity to two No. 
5 Chalmers and Williams gyratory crushers with a 
12-in. opening and 2 1/2-in. discharge. 

A 24-in. belt, 60 ft long, takes the primary crusher 
discharge, together with the primary screen fines to 
two secondary Allis-Chalmers screens. These latter 
screens are both single deck lowhead types, one 
measuring 4x14 ft and the other 5x14 ft. Both are 


equipped with 1-in. sq mesh No. 3 wire screens. 
Wood scalpers, 20-in. long on discharge end of 
screens, scallop off any large pieces of wood. 
Secondary Crushing: Secondary crushing is done by 
two 4-ft Symons standard crushers set at 1/2-in. 
opening. The discharge is conveyed by a 24-in. belt 
to a 4x10-ft lowhead-type vibrating screen, also 
equipped with a 1-in. sq mesh wire screen. All un- 
dersize material from the three screens is then sent 
by 24-in. conveyor to the 3000-ton capacity stor- 
age bin. 

The bin is discharged at seven points by means of 
Hardinge constant weight feeders. A 20-in. con- 
veyor carries the ore from the bin to four 350-ton 
capacity ball mill bins in the concentrator building— 
Fig. 3. These bins are kept filled at all times. 


CONCENTRATOR PLANT 


Grinding: Primary grinding is accomplished in 
three 10 1/2x8-ft ball mills made by Union Iron 
Works. Each mill, operating at 16 rpm (68 pct of 
critical speed), is in a closed circuit with 48-in. 
Akins duplex spiral classifier. An 8x3-ft Hardinge 
ball mill in closed circuit with a Dorr duplex-type 
D 6X21-ft classifier is employed as a standby grind- 
ing circuit. 

Table 1 lists the ball mill product; the basic oper- 
ating data and specifications of the primary ball 
mills are as follows: 


Ball mill size 10 1/28 ft 
No. of ball mills 3 
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Balls 3 to 4-in. Molly Cop; Table |. Cummulative Screen Analysis of Bail Mill Product 


1 to 1 ration charge 


Ball mill speed 16 Mesh Pct by Wt Pct by Wt Pct by Wt Pct by Wt 
Pct critical speed 68 F 
+% 9 
Hp 400 %6 
Ball consumption 1.58 lb per ton +¥, 39 
Weight of liners—shell 30,990 lb +, 49 - - - 
Type of liner—shell Ni- Hard +4 57 0.9 5 = 
Type of liner—ends Ni- Hard 
Liner service—shell 320 days 73 = 
Liner consumption—shell 0.11 lb per ton 414 77 6 11 is 
+20 79 9 15 - 
The classifier overflow is screened on 18X72-in. 428 82 15 23 = 
Denver vibrating screens with No. 14 gauge steel +35 84 24 38 0.4 
punched plate screens having 4-mm openings. This +48 85 38 54 4 
removes wood pulp which is carted away in wheel a - as 
barrows by the operator. The flow goes to two cen- 150 39 67 33 32 
trifugal pumps in parallel which then send the feed 200 91 72 87 41 
to the lead flotation section to form a coarse lead 325 92 79 91 53 
concentrate. —325 8 21 9 at 
All the lead and zinc middlings after regrinding, 4.5 a Mois- 80 pct Solids 50 Be 
ure 


in addition to some flotation return and clean-up 


thickener underflow, are returned to the lead flota- 
tion section via 6-in. Allen-Sherman-Hoff pumps. 


ine Ore —i2" Max. 


Storage (!400T) 


Screen 
Screens _ 
Primary" Crushers | — Si 


creen 
= 
Secondary Crushers — 3/4" 
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(+) (—) 
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Fig. 3—Grinding bay at Bunker Hill’s concentrator. Seven ball mills have been installed parallel to each 


other. A 20-ton crane is presently employed to discharge one ton of grinding balls into each ball mill ev- 


ery 43 hr. 


This return tonnage can vary due to changing oper- 
ating conditions and ore characteristics. The return- 
ing zinc becomes deactivated by conditioning with 
original feed and reagents. 

Regrind Circuit: The lead flotation tailings from the 
rougher section are pumped to a hydrocyclone sec- 
tion. The pulp is classified with the sands going to 
three Hardinge 8x3-ft ball mills for regrinding, and 
the cyclone overflow is sent to the zinc flotation sec- 
tion. The ball mill discharge is returned to the lead 
flotation section. The hydrocyclone section is com- 
posed of nine 6-in. cyclones discharging in parallel 
from a 12-in. diam header. Usually only six cy- 
clones are in operation with the remaining three on 
standby. Each cyclone operates at a pressure of 22 
lb which is obtained by an 8-in. Allen-Sherman-Hoff 
pump operating at 760 rpm. 

Middling Regrind: The lead flotation middlings, com- 
bined with the lead flotation cleaner tailings, is 
pumped to a 6-in. cylcone. The underflow returns to 
one of three 8x3-ft Hardinge ball mills for regrind- 
ing; the cyclone overflow plus ball mill discharge is 
send back to the lead flotation section. 

The zinc flotation middlings plus zinc flotation 
cleaner tailings from the first cleaner section, is 
also sent to a 6-in. cyclone. The cyclone underflow 
goes to one of the three regrind ball mills and then 


to the lead flotation section. The overflow from the 
cyclone returns to the zinc conditioner. Screen anal- 
ysis and densities of the regrind circuit are given in 
Table II with specifications of the regrind ball mills 


as follows: 


Ball mill size 
No. of ball mills 
Balls 


Ball mill speed 

Pct critical speed 
Hp 

Ball consumption 
Type of liner 

Weight of liners 
Liner service barrel 
Liner consumption 


8 x3-ft 

3 

1 in., carbon (charge 
16 ton) 

22.6 rpm 

83 

200 

0.69 lb per ton 

Ni- Hard 

25,270 lb 

1417 days 

0.01 lb per ton 


Final Grind: The overall grind is based on fineness 
of the final zinc flotation tailings due to a large cir- 
culating load going through the hydroclone section 
and regrinding circuit thus returning to the original 
flotation section. The final tailings average about 61 
pct -200 mesh, 1 pct of +48 mesh, and about 48 pct 


at —325 mesh. 


Flotation: With the classifier overflow density of 50 
pet solids in the primary grinding circuit, a coarse 
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Table Il. Regrind Mill Products 


(Shown in Cumulative Percentages) 


Cyclone Ball Mill Ball Mill 

Feed, Feed, Discharge, Cyclone 

Mesh Pct Wt Pct Wt Pct Wt Overflow 
+35 0.9 Pei 0.2 0.6 
+48 4.9 2.8 
+65 11.0 28.4 3.0 6.4 
+100 21.6 47.3 7.6 13.4 
+150 S22 61.5 15.9 21.8 
+200 42.3 72.3 29.2 30.8 
+325 Beall 83.1 50.6 45.6 
—325 44.3 16.9 49.4 54.4 

Density 52 pet Solids 77 pet Solids 77 pct 44 pct 
Solids Solids 


lead concentrate is floated in the lead flotation sec- 
tion. This is carried out in two 14-cell, 48-in. Gal- 
igher flotation machines. The concentrate from the 
first eight cells goes to a bank of 4-cell, 36-in. flo- 
tation machines. The middling product from the last 
six cells goes to the regrind circuit along with lead 
flotation cleaner tailings. The cleaner concentrate 
is recleaned in another bank of 4-cell, 36-in. flota- 
tion machines, the tailings going to regrind as above. 

Lead flotation tailings are conditioned for about 2 
min in a two-unit conditioner before going to the zinc 
flotation section. The flotation is performed as in 
the lead flotation cells except the product of the first 
six cells only of each bank goes to a 4-cell, 36-in. 
flotation machine. The last eight cells produce a 
middling product which is returned to the regrind 
circuit along with the first cleaner flotation tailings. 
The cleaner concentrate goes to another bank of 4- 
cell, 36-in. flotation machines and the cleaner tail- 
ings are then returned to the zinc conditioner. 

The flotation reagents used are somewhat stand- 
ard. Barrett No. 4 oil and methyl amyl alcohol are 
mixed in ratio of 3:1, respectively, and used as stand- 
ard frother throughout the flotation circuit. Xan- 
thate, soda ash, sodium cyanide, zinc sulfate, and 
the Barrett alcohol mix are all added to the product 
from the primary ball mills. Soda ash is added to 
bring pH for lead roughers up to 7.2. Soda ash is 
also added to the first lead flotation cleaner to as- 
sure pH of being 7.2 to 7.4. Sodium cyanide and zinc 
sulfate are added to first and second lead cleaners. 
Copper sulfate plus Xanthate and frother mix is 
added to the zinc conditioner ahead of zinc roughers. 
In addition, Xanthate and the frother mix are added 
to the middling section of the zinc rougher flotation 
circuit. Sodium cyanide is added to regrind ball 
mills. Lime is.added to first zinc flotation cleaner 
to raise the pH to 12.0. Reagent consumption is 
shown in Table III. 

Thickening and Filtering: The final lead concentrate 
assaying 65 pct lead, 41 oz. silver, and 6.5 pct zinc 
is sent to a 40x10-ft thickener. The underflow goes 
via bucket elevator to an 8X14-ft Oliver drum filter 
which produces a lead filter cake with a moisture 
content of 9.4 pct. The thickener overflow plus all 
floor washings go to a second 40X10-ft thickener, 
the underflow of which joins the regrind ball mill 
discharge and thence goes to the lead flotation sec- 
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Table III. Reagent Consumption, Lbs Per Ton of Ore 


Lead Flotation Zinc Flotation Total 
Sodium Cyanide 0.092 - 0.092 
Zinc Sulfate 0.23 - 0.23 
Xanthate—Z4 0.054 0.101 OMS5 
Barrett No. 4 0.08 0.013 0.093 
Methyl Amy! Alcohol 0.02 0.007 0.027 
Copper Sulfate = 0.15 0.15 
Lime - 0.59 0.59 
Separan - 0.001 0.001 
Soda Ash 0.147 - 0.147 


tion. The thickener overflow is returned to the 
water system for reuse in primary grinding. 

The final zinc concentrate has an average con- 
tent of 54 pct zinc, 1.5 pct lead, and 5.0 oz. silver. 
This concentrate goes to a 40x10-ft thickener from 
which the underflow goes to another 8x14-ft drum 
filter, and the overflow to a concrete waste water 
pond outside the concentrator building for final set- 
tling of any solids. The overflow from the waste 
water pond is discarded. The zinc thickener over- 
flow is handled in this manner due to the use of Sep- 
aran in the zinc thickener circuit. The filter cake 
has a moisture content of 13.0 pct. 

Ore Loading: Lead concentrates are conveyed from 
the filter to a 250-ton capacity circular reinforced 
concrete bin. The bin has seven 14X20-in. openings 
equipped with adjustable feed gates through which 

the concentrate is fed onto three parallel 24-in. con- 
veyors. The conveyors are mobile so the loading into 
the 75-ton capacity Bunker Hill-type, air-operated, 
side-dump railroad cars is quite rapid. 

The filtered zinc concentrates are conveyed from 
the filter to a 65-ton capacity bin. This bin has two 
14x20-in. openings equipped with adjustable feed 
gates through which the concentrate is fed onto a 30- 
in. mobile conveyor. Seventy-ton Union Pacific rail- 
road cars are used to transport the zinc concentrates 
to the zinc electrolytic smelter. 


TAILINGS DISPOSAL 


The concentrator tailings, which contain 32 pct 
solids, is pumped 3800 ft to a 40-acre tailings pond 
where a pipe is employed to distribute the sands. 
This pipe is a 12-in. wooden stave type on a 0.7 pct 
grade. The pipe surrounds the pond leaving each 
side pipe lateral open on the far western end for fi- 
nal discharge of fines. From a distribution box, the 
operator can flow the tailings pulp to either north or 
south pipe lines for the distribution of the sands. 
The sands are dispersed through 1-in. diam holes 
spaced at 15-ft intervals. After the settlement of 
solids, the clear water is decanted to waste. Tail- 
ings are impounded to prevent contamination of the 
Coeur d’ Alene River. 


METALLURGICAL CONTROL 


The daily tonnage is determined by a daily weight- 
ometer reading on the conveyor transferring ore to 
the ball mill bins. No accurate weighing is made to 
each ball mill although occasional checks are made 


= 


by supervision to determine tonnage to each mill. 
Tonnage sent to the grinding circuit is kept at a 
maximum through the use of a Hardinge electric ear 
control installed near the underside of the ball mill. 
Corrections are made as the liners wear, providing 

additional tonnage through ball mills. Classifiers 
are equipped with a Bunker Hill-Bailey Meter Den- 
sity control and recorder. Operational control is 
maintained by taking hourly density samples and pH 
readings at designated points. 

Samples for control are kept at a minimum. Hand 
samples are taken hourly on lead and zinc flotation 
concentrates and sent to the Assay Laboratory each 
day for assaying. Samples of final zinc tailings are 
taken automatically during each shift. The feed sam- 
ple is taken automatically on ball mill feed, ground 
in a 3X3-ft ball mill and belt drag classifier circuit. 
The overflow is automatically sampled and compos- 
ited for a daily mill feed assay. The filter concen- 
trate of lead and zinc are hand-sampled each hour 
from a cut from the concentrate conveyor belt. A 


sample of each is sent to the Assay Laboratory ev- 
ery 24 hr for testing, and these assays are used for 
car shipments for that particular day. Weighted com- 
posites of all products are made each day and as- 
sayed monthly for check on daily average assays. 
The lead and zinc concnetrate shipments are 
weighted, moisture taken, and sampled at the smel- 
ter operations. Sample pulps are assayed both at 
the smelter and concentrator assay departments and 
assays are compared for final settlement. A final 
metallurgical balance is calculated from settlement 
weights and assays, in addition to final tailing assay 
and known mill feed tonnage. 

A calculated mill feed assay is checked with 
weighted mill feed assay and composite mill feed as- 
say. These checks have been found to be reasonably 
close. Daily calculations are made using daily as- 
says and mill feed tonnage to derive the tonnage of 
concentrates of lead and zinc. These calculations 
have no bearing on final records but are used only 
for a check analysis on mill results. 
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VITRO CHEMICAL RECOVERS COSTLY SCANDIUM 


FROM URANIUM SOLUTIONS 


Discovery of scandium in the Vitro solvent extraction plant for uranium led 
to commercial recovery of the byproduct. Micro amounts of scandium were 
extracted with uranium by dodecyl phosphoric acid, but failed to follow ura- 
nium into the hydrochloric acid strip solution and were eventually concentrated 
in the organic extractant. A fluoride strip system was developed to vecover 
scandium from the solvent in concentrated form. High purity scandium oxide 
was then prepared in multi-pound lots by chemical separation techniques. The 
plant recovery operation, final product purification, and analytical procedures 


ave described. 


§ cancium is a pseudo-rare earth which is truly 
rare and expensive. It has special properties 
which may make it desirable even at the present 
price of $2750 per lb. Recently the price was low- 
ered from $5000 per lb which had prevailed since 
1952, and it is anticipated that usage will be stimu- 
lated because of the lowered price. 

This metallic element is distributed widely in 
trace amounts in the rocks of the earth’s crust. In 
addition to micro-amounts found in most uranium 
ores, concentrations of 50 to 100 ppm have been 
found in Colorado ferberite ore, lateritic nickel ore, 
heavy sandstone from Utah, Wyoming, and New 
Mexico, and various zircon sands and monazites 
from the western part of the U.S. Scandium has been 
found as an essential constituent of very few miner- 
als, the most important being thortveitite, a scan- 
dium silicate. At the present time, this mineral 
commands a price more than twice that of gold. 

Chemically, scandium is in group 3A of the peri- 
odic table. It is closely associated with yttrium and 
the rare earths which it strongly resembles in its 
reactions. It has a valence of three and will form an 
insoluble hydroxide, fluoride, or oxalate under 
proper conditions, similar to the rare earths. Eight 
years before its discovery, scandium was predicted 
by Mendeleef who ascribed his eka-boron with prop- 
erties nearly identical to the actual properties of 
scandium. Its position as the element with Atomic 
No. 21 and Atomic Weight 44.96 places it between 
calcium and titanium in Period 4 of the chart. 

The successful commercial application of scan- 
dium must depend on unique properties to justify use 
of this high cost substance. Greater consumption 
would allow additional price reductions, but scan- 

L. D. LASH is Director of Product Development, Vitro 
Chemical Corp., Salt Lake City; and J. R. ROSS is Extrac- 
tive Metallurgist, Metallurgy Research Center, U.S. Bureau 
of Mines, Salt Lake City. TP61B51. Manuscript, Dec. 19, 
1960. St. Louis Meeting, February 1961. Discussion of this 
paper, submitted in duplicate prior to July 1, 1962, will 
appear in AIME Transactions, 1962, vol. 223. 
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dium will remain a relatively high-priced commodity 
because of its inherent scarcity. Research report- 
edly has been oriented toward use of scandium as an 
agent to achieve high-temperature, low-density 
alloys with magnesium and tantalum.’ Also, the U.S. 
Air Force sponsored a project for production of re- 
search amounts of pure scandium metal.” The oxide 
has been used experimentally in electronics, ceram- 
ics, and metallurgy. The various aspects of scan- 
dium are well covered in recent publications.* ° 


CONCENTRATE RECOVERY 


Small amounts of scandium exist in uranium ores 
and are dissolved during an acid leach yielding up to 
0.001 gpl Scz03. When Vitro converted their uranium 
plant from phosphate precipitation to solvent extrac- 
tion,’ scandium was found to follow the uranium into 
the dodecyl phosphoric acid solvent (DDPA). How- 
ever, scandium did not strip with uranium from the 
DDPA in hydrochloric acid, but remained in the sol- 
vent. Therefore, a concentration of scandium built up 
in the organic phase. Residues from the solvent were 
spectrographed by the U.S. Bureau of Mines and 
found to contain scandium. 

As a result of this discovery, provisions were 
made in the plant for recovery of scandium-bearing 
concentrates. Solvent extraction of uranium was 
added to a conventional acid leach process in a typi- 
cal installation.’ The ore was crushed and ground, 
and then leached with dilute sulfuric acid. Addition 
of an oxidant such as sodium chlorate insured con- 
version of uranium minerals to a soluble form. At 
this point, the slurry was chemically reduced by a 
sulfide, such as sodium hydrosulfide, to remove sub- 
stances such as ferric iron and molybdenum which 
were partially extracted by the solvent. The solids- 
liquid separation was accomplished by a four-stage 
countercurrent decantation (CCD) thickener circuit. 
The uranium was extracted from pregnant liquor 
with 0.1M DDPA in kerosene and stripped with 10N 


HCl. The stripped solvent was recycled to the ex- 
traction section and used again. Most of the hydro- 
chloric acid was evaporated and recovered for re- 
use. Following ammonia precipitation and filtration 
of yellow cake, the uranium was calcined to an oxide 
product which was shipped to the Atomic Energy 
Commission. 

However, the hydrochloric acid uranium stripping 
agent did not strip scandium, thorium, or titanium 
from the DDPA solvent. These three elements con- 
tinued to selectively extract into the organic phase 
at the expense of uranium loading. The solvent be- 
came unable to properly extract uranium, because 
the exchange sites were progressively filled with 
nonstrippable metals. This effect is known as pois- 
oning of the solvent. 

A hydrofluoric acid stripping section was incor- 
porated in the plant to remove thorium and titanium 
poisons from the solvent. It was later found that the 
hydrofluoric acid circuit also removed scandium; 
therefore, a study was initiated to optimize recovery 
of scandium in this section. Laboratory studies with 
continuous mixer-settlers were used to investigate 
the fluoride stripping variables such as flow rates, 
fluoride concentrations, and phase separation rates. 
These data were scaled up to design size for the mill 
operation. 

For scandium concentrate recovery, a portion of 
the plant-stripped solvent was fed to the hydrofluoric 
strip section for removal of the poisons. Typical 
scandium content was less than 0.1 gpl Sc2O; in the 
poisoned organic. The solvent was contacted in a 
two-stage countercurrent system with an acid flu- 
oride solution to remove scandium and thorium as 
precipitates and titanium in soluble form. Organic 
feed rate was 10 gpm, or about one tenth of the ura- 
nium plant organic stream. Aqueous fluoride feed 
rate was 1 gpm, resulting in a 10:1 organic to aque- 
ous ratio. The fluoride solution contained 6 pct flu- 
oride and was adjusted to a pH of 4 with sulfuric 
acid. Mixer-settlers with adjustable gravity over- 
flows were used for contactors in these solvent 
stripping stages. This allowed removal of the flu- 
oride precipitates formed during stripping. After 
washing with a small amount of water in an addi- 


POISONED SOLVENT SOLVENT 
FROM RETURN TO 
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FLUORIDE STRIP 
HF | 
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SCANDIUM CONCENTRATE 
TO REFINING 
Fig. 1—Plant (Vitro’s Salt Lake City uranium solvent 
extraction operation) flowsheet shows use of hydro- 
fluoric acid for scandium concentrate recovery from 
uranium solvent. 


tional single mixer-settler stage, the solvent, with 
poisons removed, was recycled to the uranium ex- 
traction section. 

The main aqueous stream was filtered to remove 
the scandium-thorium fluoride cake, yielding a pro- 
duct containing approximately 10 pct Sc203 and 20 
pet ThOz. This concentrate was packaged in drums 
ready for shipment to the refining facilities. The 
filtrate was neutralized with ammonia to precipitate 
the titanium plus a small remaining amount of scan- 
dium and thorium. The solids were removed by fil- 
tration and stored for possible future recovery. The 
mother liquor was regenerated with hydrofluoric and 
sulfuric acids and recycled back to the strip section 
for further scandium recovery. 

Equipment in the strip circuit had the difficult duty 
of resisting corrosive fluoride solutions and kero- 
sene simultaneously. Saran-lined pipe was used with 
excellent results for transfer lines. The level- 
control legs on the mixer-settlers utilized saran 
tubing for adjustability. This was much less satis- 
factory than pipe and had to be replaced periodically. 
The flexible tubing was almost necessary, however, 
to handle the slurry formed by precipitation of flu- 
orides in the stripping operation. 

Neoprene lining was used in the tanks with fair 
success, although some deterioration had taken 
place in less than a year. Neoprene coverings were 
also used for the plate-and-frame presses. 

In general, centrifugal pumps were used to trans- 
fer liquids and to feed the presses. Durimet-20 
pumps performed well in this installation. 

A general flowsheet of the Vitro plant is given in 


RADIATION HAZARDS 


The Th-Sc cake was shipped to the Chattanooga, 
Tenn., plant of Vitro Chemical Co. for refining to 
extremely high purity scandium oxide. This concen- 
trate exhibited a relatively large amount of radio- 
activity due to the thorium-230 present in the tho- 
rium fraction. As a result, it was necessary to en- 
force rigid rules of cleanliness and exposure around 
the filter presses which processed this concentrate. 
The exposed precipitate, especially immediately 
after drying, emitted strong 8 radiation. This appar- 
ently resulted from the isotope thorium-234 which 
chemically followed the natural thorium. It hada 
24 1/2-day half-life and consequently dissipated 
fairly rapidly with passage of time. Also, strong a 
radiation was exhibited by thorium-230, a product in 
the uranium radioactive decay chain. It has a much 
longer half-life (80,000 years), approaching that of 
radium, and consequently continues a emissions 
with very little attenuation. This presented a lasting 
hazard when the precipitate was exposed. The a 
rays were stopped by metal containers such as the 
55-gal drums used for shipping. As a result, no 
difficulty was experienced in handling the concen- 
trate after it was packaged. 

In addition to scandium, it will be noted that this 
concentrate could provide a source of radioactive 
thorium isotopes such as thorium-230 (ionium)* and 
thorium- 234. 
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OXIDE PURIFICATION 


The thorium-scandium cake containing about 10 
pct Sc,0, was refined to a high-purity scandium ox- 
ide at Chattanooga. The crude fluoride cake was 
digested in a 15 pct solution of sodium hydroxide for 
conversion to scandium hydroxide. Metathesis re- 
quired 4 hr at temperatures between 75° and 90°C. 
The slurry was filtered in a rubber-covered plate- 
and-frame press to remove soluble sodium fluoride 
and other impurities. The crude hydroxide cake 
from the filtration was digested in hydrochloric 
acid, and the pH adjusted to four for removal of 
contaminants by hydrolysis. This was accomplished 
by heating to 100°C to precipitate titanium, zirconi- 
um, iron, and silica. If large amounts of these ele- 
ments were present, then the hydrolysis cake held 
considerable scandium and had to be recycled. The 


filtrate contained scandium, some iron, and uranium. 


Scandium was recovered from the solution by pre- 
cipitation with oxalic acid under closely controlled 
conditions. For complete recovery it was necessary 
to use precisely the stoichiometric quantity of oxalic 
acid with no excess. 

If large amounts of uranium were present, the 
solubility of scandium oxalate was dramatically in- 
creased. Although initial concentrates from Salt 
Lake contained enough uranium to color the Th-Sc 
cake green with UF,, later concentrates were almost 
free of uranium and presented no difficulty. 

The oxalate cake was filtered to remove iron and 
uranium, then calcined at a relatively low tempera- 
ture. It was imperative to maintain the roasting 
temperature at less than 800°C to avoid formation of 
difficulty soluble oxide. 

Following solution of the scandium oxide in hydro- 
chloric acid, a solvent extraction step was used to 
extract and further purify the scandium chloride 
solution. The extract was stripped to yield a high- 
purity scandium solution and ammonia was used to 
recover the hydroxide. Again, close control was re- 
quired for complete recovery of scandium. The hy- 
droxide was calcined at 700°C to produce scandium 


Fig. 3—Hydrofluoric acid 
stripping section of the 
solvent extraction plant 
(Chattanooga, Tenn., re- 
fining operation) which 
produces the Th-Sc cake. 
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Crude Fluoride Cake 


Na OH DIGESTION }—®NoaF Waste 


HYDROLYSIS 


Si Cake 


OXALATE PPTN. 


r>Fe, U 


CALCINATION 


DISSOLUTION 


SOLVENT EXTRACTION 


SOLVENT STRIPPING 


NH; PRECIPITATION 


CALCINATION 


Sc503 99.5+% 


Fig. 2—Th-Sc (10 pct Sc203) is refined to high-purity 
scandium oxide by chemical and solvent extraction. 


oxide with a purity greater than 99.5 pct Sc20,. Fur- 
ther refining has produced products assaying 99.99 
pet Sc20,. 

Flowsheet for the purification operation is given 


H,C.0 
= 
| 
= 


in Fig. 2, and the hydrofluoric acid stripping section 
is shown in Fig. 3. 


ANALYTICAL METHODS 


Conventional chemical determinations are used 
for analysis of scandium in the intermediate ranges, 
but spectrographic methods are required by ex- 
tremely high or extremely low concentrations. In the 
range of 0.01 to 50 pct Sc20; or more, the chemical 
method may be used. This involves an ether-thiocy- 
anate extraction for removal of thorium® followed by 
an EDTA titration for determination of scandium.’° 
The chemical separations schemes are varied de- 
pending on the specific samples. For instance, sol- 
vent samples are evaporated to dryness and the 
carbonaceous materials then taken into solution in 
oxidizing acids. Alternately, the fluoride samples 
which are not soluble in acids are converted to hy- 
droxides by caustic metathesis and hydrochloric 
acid is used to dissolve the sample. Except for 
sample preparation, the complete chemical analyt- 
ical methods are presented in the references 
cited.**° 

A low range spectrographic analytical method was 
developed at the Salt Lake Metallurgy Research 
Laboratory of USBM.”* The method is reproducible 
and covers all ranges of scandium concentration with 
a standard deviation of approximately 10 pct. This 
deviation is insignificant at low concentrations, but 
develops into a sizeable problem of accuracy in 
scandium concentrates. 

After solubilizing the scandium, an ammonia pre- 
cipitate is made to concentrate the scandium before 
dehydration with perchloric acid to eliminate silica. 
A sodium peroxide separation eliminates aluminum, 
and a cupferron-chloroform extraction is made to 
remove iron, titanium, zirconium, vanadium, and 
similar elements. A solution containing 50 mg ZrOz2 
and 0.25 mg TiO, is added before precipitating with 
ammonia hydroxide to form a common refractory 
zirconium matrix and to provide titanium as an in- 
ternal standard. 

An arc-spectrographic method for the determi- 
nation of trace impurities in high-purity scandium 
oxide was developed by Vitro Chemical Co.” Stand- 
ard samples were prepared by adding measured 
amounts of impurities to an ion exchange purified 
scandium oxide. A series of six standards covering 
an impurity concentration range of 50 to 1000 ppm 
of the following transition, alkaline earth, and rare 
earth elements was prepared: Fe, Mn, Ti, Si, Ca, 
Mg, Zr, Th, U, Eu, La, Ce, Sm, Nd, Gd, Yb, and Y. 

Samples to be analyzed along with appropriate 
standards are mixed with two parts of pure carbon 
and burned to completion in a 12-amp de arc. A 
Stallwood Jet was used to suppress the CN band 
structures that are often detrimental to spectro- 
graphic analysis. The transmission readings ob- 
tained from the microphotometer were evaluated in 
the usual manner with a Respectra Calculator. Using 
the foregoing elements, appropriate line pairs using 
scandium as an internal standard were selected as 
being most suitable for the evaluation of the spectra. 


The results produced by this method are generally 
satisfactory with the standard deviation placed at 
less than 4.0 pct. 


CONCLUSIONS AND NEW ADVANCES 


Scandium is Available: An adequate supply of high 
purity scandium oxide is available for any forseeable 
use, and sizable inventories exist. Relatively large 
quantities of scandium occur in the leach liquors of 
uranium mills and are potentially recoverable. Also, 
the uranium mills are possible sources of ionium 
(thorium-230). 

Analytical Methods: New spectrographic techniques 
have been developed for high purity scandium com- 
pounds, where the impurities are assayed, and for 
low grade materials, where the scandium emission 
lines are used in the determination. Conventional 
chemical methods are available for assay of scan- 
dium in the intermediate ranges of concentration. 
Scandium is Expensive: The high intrinsic price of 
scandium dictated by its scarcity and costly purifi- 
cation limits its use to extremely specialized appli- 
cations. Thus, it would normally be utilized in areas 
where only scandium, because of its unique proper- 
ties, can be used. Through research now in pro- 
gress, expanded markets could undoubtedly de- 
velop, and a larger sales volume would probably 
result in a much lower price. 

New Processes: The Salt Lake City Metallurgy Re- 
search Center of USBM has developed a scandium 
recovery process using solvent extraction with 
DDPA. However, they eliminated the necessity of 
chemical reduction of ferric iron, an expensive step, 
formerly necessary in scandium recovery as prac- 
ticed in the uranium plant operation. Other solvents 
for scandium have also been tried. Recently a 5-gpm 
pilot plant has been operated on a cooperative basis 
between USBM and Vitro. The portable pilot plant, 
which is mounted on a truck for versatility, em- 
bodies a complete prototype solvent extraction 
plant. Reviews of pilot-plant studies and other in- 
formation are contained in the new USBM Recon- 
naissance of Sources and Recovery Methods of 
Scandium 
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FLOCCULATION—KEY TO MORE ECONOMICAL 


SOLID-LIQUID SEPARATION 


The purposes, types, preparation, and testing of flocculants are discussed. 
A flocculation compendium is included, indicating choice of flocculant for 
a given set of conditions. An economic evaluation of the process ts pre- 


sented. 


olid-liquid separation is a major expense in most 

mineral processing flowsheets today. Proper use 
of flocculation can often lower the overall cost of a 
solid-liquid separation by reducing the size of sedi- 
mentation or filtration equipment. 


PURPOSE OF FLOCCULATION 


When is use of a flocculant justified in terms of 
overall process economy? 1) when it results in 
process improvement, such as producing a clear 
liquor for electrolysis, precipitation, ion exchange, 
or solvent extraction; 2) when it results in satisfy- 
ing requirements of pollution abatement ordinances; 
3) when it results in increased recovery of values 
that would otherwise be lost; or 4) when it results in 
considerable savings in capital expenditure due to 
use of smaller equipment. 

When can the use of a flocculant adversely effect 
overall process economy? 1) when it results in in- 
creased filter cake moisture, 2) when it results in 
decreased filtration rates, 3) when it results in con- 
siderable bulking of sedimentation underflow, 4) 
when it contaminates either the supernatant or 
sludge, or 5) when the cost of using the flocculant 
is greater than the savings due to its use. 

First step in consideration of flocculants for a 
given application is establishment of desired goals 
in terms of increased clarity of effluent, increased 
recovery of solids, or decreased size of equipment. 
The most economical solution to a solid-liquid 
separation problem is that combination of equip- 
ment and flocculant costs which meets the estab- 
lished goals at the lowest total annual expenditure. 
This economic decision can be made only after 
technical data has been obtained as outlined in next 
four sections. 


TYPES OF FLOCCULATION 


Flocculation is a process wherein individual 
particles are united into more or less tightly bound 
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agglomerates or flocs, thereby increasing effective 
particle size of solids suspended in a liquid. 

Degree of flocculation of a suspension of finely 
divided solids in a liquid is controlled by a com- 
bination of probability of collision between particles 
and probability of adhesion after the collision has 
occurred.” Probability of collision can be in- 
creased commercially through use of a paddle-type 
flocculator, combination flocculator, and clarifier 
or flocculating-type feedwell. Probability of ad- 
hesion usually can be increased by addition of a 
reagent known as a flocculant. 

Reagents act as flocculants through one or a com- 
bination of three possible mechanisms. The first is 
electrolytic neutralization of intermolecular re- 
pulsive force due to Zeta potential. This neutraliza- 
tion enables Van der Waal’s cohesive force to hold 
the particles together after they collide.” The 
second is the precipitation, within a definite pH 
range, of voluminous metallic hydroxide flocs which 
entrap fine particles. This process is known as 
coagulation.”* Third is the bridging of two or more 
particles by either natural or synthetic long-chain, 
high- molecular-weight organic polymers. This 
bridging is accomplished by adsorption of two 
particles at different sites on the same molecule or 
by bonding of two molecules, each adsorbed to a 
different particle. Considerable effort has been 
expended in explaining the action of these polyelec- 
trolytes and detailed accounts are available in the 
literature.* 


CHOICE OF FLOCCULANTS 


It is impossible, at the present time, to specify 
the optimum type or amount of flocculant for a given 
application from a knowledge of the material to be 
treated. The standard procedure is to choose re- 
agents or combination of reagents most likely to be 
effective on the slurry; then test them.*® The accom- 
panying Flocculation Compendium (Table I) contains 
details of all currently available reagents sold as 
flocculants and it should be used when selecting the 
group of reagents for tests. This selection can be 
based on information listed in columns 4 and 5. 

Column 4 presents industries in which each floc- 


culant is currently being used. Column 5 lists pH 
range in which each flocculant has been found to be 
effective. 

Columns 1 through 3 contain name and manufac- 
turer of each flocculant, compositions, and mecha- 
nisms of flocculation. 

In addition to reagents listed, many common 
chemicals, such as lime, sulfuric acid, calcium 
chloride, ferric chloride, or ferrous sulfate are 
used as flocculants. Some surface active agents 
have also been found to act as flocculants in specific 
applications. 


PREPARATION OF FLOCCULANTS 


Solutions of the selected flocculants can be pre- 
pared using information contained in columns 6 and 
7 of Table I. 

The standard procedure for preparing most floc- 
culants consists of slowly sifting a steady stream of 
the solids into the vortex created by a rapidly ro- 
tating stirring mechanism. Slower agitation is con- 
tinued until all solids have been dissolved, which 
may take up to 1 to 2 hr. Any variations from this 
procedure are listed in column 6. 

Strength of reagent solution to be prepared is 
listed in column 7. Where two concentrations are 
shown, the first is the strength of a stock solution 
and the second is the strength to which the stock 
dilution is diluted prior to being used for the tests. 
Dilution of a flocculant solution, especially a poly- 
electrolyte, is often an important factor in deter- 
mining effectiveness of a reagent.” 

The amount of flocculant used in a test has a 
marked effect upon results. In some cases, use of 
too much flocculant gives less satisfactory results 
than may be obtained with a smaller dosage.” 
Therefore, the best dosage at which to start in 
evaluating a flocculant is near the upper limit of 
commercial dosage range listed in column Soult 
this dosage is effective, progressively smaller 
dosages can be tried. If not, the reagent can be 
eliminated from further consideration. Larger 
dosages are generally required when flocculating 
a thick pulp due to the poor dissemination of the 
reagent.” 

The recommended method of addition for each 
flocculant is listed in column 9. Multipoint addition 
of some flocculants, especially polyelectrolytes, has 
been found to decrease the amount of reagent re- 
quired for a given application.” This effect may 
sometimes be noticed in the laboratory by adding a 
portion of the flocculant, mixing, waiting a few 
seconds, and adding the remainder of the flocculant. 
Generally, this technique has only been effective in 
the field where flocculant solution is introduced into 
the feed launder or pipe at several points shortly 
before slurry enters the equipment. Flocculants 
should be added after high shear devices, such as 
pumps (which will destroy flocs), but it is important 
to provide sufficient mixing to assure adequate dis- 
persion of flocculant. Natural turbulence of the flow 
may be sufficient and, if not, baffles should be in- 
stalled in the feed line. In the case of coagulants, 


the flocculant is usually added as a concentrated 
solution with rapid agitation for 1 to 2 min followed 
by gentle mechanical paddling to promote floc 
growth. It should be emphasized that, in either 
method, overly long or intense agitation results in 
destruction of more flocs than are being formed. 


TESTING OF FLOCCULANTS 


Testing methods for determining the effectiveness 
of flocculants are well established and procedures 
are available in the literature. All tests should first 
be performed on pulp without any flocculant so that 
there will be a standard for comparison. Important 
factors in a thickening operation are settling rate of 
the flocs at a given initial solids concentration and 
underflow concentration. The flocculant’s effect 
upon floc settling rate can be observed by noting the 
time required for the solid-liquid interface to settle 
a specified distance in a graduated cylinder at the 
feed solids concentration.* A more quantitative 
result can be obtained by using Coe and Clevenger™ 
or Kynch™ type of thickening tests. The flocculant’s 
effect upon underflow concentration can be deter- 
mined by measuring pulp volume after settling has 
ceased. These tests should be run with equipment 
to simulate action of thickener rakes. 

Major considerations in a clarification operation 
are settling rate of flocs and suspended solids con- 
tent of the effluent. The flocculant’s effect on 
settling rate can be determined as mentioned pre- 
viously for thickening. Its effect upon the suspended 
solids concentration can be measured by using a 
standard jar test.’ This consists of placing the sus- 
pension in a beaker, adding flocculant, mixing for a 
specified time, settling for a specified time, and re- 
moving a sample of effluent. The amount of sus- 
pended solids can be determined visually or, more 
accurately, by filtering the effluent sample and 
weighing the solids on a balance. 

Primary criteria in a filtration operation are 
rate of cake formation, cake moisture, and solids 
content of the filtrate. The flocculant’s effect upon 
cake formation rate can be measured by noting how 
long it takes to filter a specified volume of slurry 
on a Buchner funnel at a standard vacuum, provided 
the funnel does not restrict passage of liquor.® 
Quantitative figures are best obtained by running 
standard leaf filter tests.° Leaf testing is valuable 
in that it provides information regarding all three 
filtration criteria at the same time. 


FLOCCULANT COSTS 


Once optimum dosages have been determined for 
each flocculant, they must be translated to a com- 
mon basis for an economic comparison. When 
working with a dilute pulp, as in clarification, plant 
reagent dosage is expressed as pounds of reagent 
per 1000 gal of slurry. This can be obtained di- 
rectly from Fig. 1. When working with a thick pulp, 
as in thickening or filtration, plant reagent dosage 
is expressed in terms of pounds of reagent per ton 
of solids. Plant reagent dosage can be determined 
by referring to Fig. 2. 
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B) pounds of reagent per 1000 


Fig. 1—Flocculation nomograph I. Columns are: A) Cubic centimeters 


of reagent solution per liter of sample 
Example: When 3.0 cu cm of 10.0 gpl reagent solution are added to 1 1 
of sample, the plant reagent addition is 0.25 lb of reagent per 1000 gal. 


gal of sample; and C) strength of reagent solution, grams per liter. 
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ave: A) Cubic centi- 
meters of reagent solu- ig) 
tion per liter of sam- 
ple; B) grams of rea- aoe 
gent per liter of sam- 
ple; C) pounds of rea- 
gent per ton of solids; od 
D) strength of reagent a4 
solution, grams per 74 Pes 
liter; and E) grams of 
solids per liter of sam- Ae ae 
ple. Example: When 
5.0 cucm of 10.0 gpl 4- 
reagent solution are 
added to 1 1 of sample, 34 
the reagent addition is res 
0.05 g of veagent per 
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Annual flocculant consumption is the plant reagent 
dosage multiplied by annual throughput, expressed in 
either tons or thousand gallons per year. The prod- 
uct of annual flocculant consumption and reagent 
cost per pound, listed in column 10 of Table I, is the 
annual cost of purchasing the flocculant. Prices 
are approximate, f.o.b. plant, l.c.l. prices and are 
subject to change at any time. They may be used, 
however, for the purposes of this economic com- 
parison. Cost of applying flocculant must be added 
to cost of purchasing to arrive at the annual cost of 
using a flocculant. This application cost includes 
costs of labor and special equipment used in prepa- 
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ration and addition of flocculant solution to the 
process stream. 


ECONOMIC EVALUATION 


To effect an overall decrease in cost of a solid- 
liquid separation, use of a flocculant must provide a 
Savings in equipment cost which will more than pay 
for the cost of using the flocculant. Prior to making 
a final decision, manufacturers of the most promis- 
ing flocculants should be contacted. All will furnish 
complete and up-to-date procedures and prices, 
most will be happy to provide technical assistance 


and some will attempt to tailor-make a product for 
a specific industry or application, if economically 
justified. Recommended sizes and prices of equip- 
ment can be obtained from equipment manufac- 
turers after tests on samples of the slurry, both with 
and without addition of flocculants. Cost of erecting 
and putting equipment into operation can be deter- 
mined from previous company experience or from 
engineering firms. Total capital outlay for pur- 
chase and erection of equipment can be translated 
to an annual cost of equipment, based upon a speci- 
fied amortization period, by standard accounting 
procedures. The sum of the annual flocculant cost 
and the annual equipment cost is the annual cost of 
the solid-liquid separation. 

It should be emphasized that the reagent producing 
the desired degree of flocculation with lowest dosage 
is not always the most economical. There are many 
cases on record where excellent flocculating charac- 
teristics of a certain reagent and dosage can be du- 
plicated with a smaller dosage of the same reagent 
in larger equipment or with a larger dosage of a 
cheaper reagent in the same size equipment. Either 
of these latter two solutions may prove to be the 
most economical solution when considered on the 
basis of annual costs. 

It can also be stated that the most economical 
solution to tomorrow’s problem may differ from 
that of the one today. Continual progress is being 
made in the research laboratories of many floc- 
culant manufacturers on the production of more ef- 
fective flocculating agent. At least six new reagents 
have been placed on the market in the past six 
months. A thorough understanding of the field of 
flocculation today and a continued awareness of 
tomorrow's developments are keys to the most 
economical solution to solid-liquid separations. 
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HYDROLYTIC AND ION-PAIR ADSORPTION MODELS FOR 


COLLECTORS IN FLOTATION 


Sutherland used an ion-pairy adsorption model to derive the author’s hy- 
drolytic (free-acid) adsorption equation for the contact bubble curves of 
Wark and Cox. To do so it was necessary to postulate that the sum of 
coverages of surface anion sites by the collector and depressant anions 

is practically unity. It is here shown that the free energy of Sutherland’s 
postulated collector ion (x~)-depressant ion (OH) exchange reaction (for _ 
no other than the OH~ to compete with X-), namely SX + (OH) = SOH +X, 
is in some cases positive and X should not even adsorb. Also, in many 
cases the (OH) adsorption must be quite negligible even though the col- 
lector covers only about a sixth of the mineral surface at the threshold of 
air bubble contact. This, however, contradicts the postulate that permits one 
to derive the correct bubble contact equation for the ion-pair model, Fur- 
thermore, the requirement for charge neutrality leads in the ion-pair model 
to the (impossible) constancy of the ratio (H*)/(OH) along a contact bubble 
curve in which pH may change by more than seven units. 


HYDROLYTIC ADSORPTION EQUATION 


ydrolytic (free-acid or free-base) and ion-pair 

(H*, X~, or R*, OH ) adsorption models of the 
collector in metal sulfide and similar flotation sys- 
tems are superficially alike and somewhat difficult 
to differentiate. This is because they yield, under 
seemingly valid assumptions, equivalent forms of 
the equations describing the distribution of the col- 
lector between the aqueous solution and the mineral 
surface. This has been discussed by the author and 
associates** and more recently by Sutherland,* both 
for simple collector-mineral and for more compli- 
cated collector-depressant- mineral systems. In the 


hydrolytic adsorption model the equations describing 


the contact bubble curves of Wark and Cox’ are as 
follows:? 

H +X == HX; K, = (H)(X)/HX [1] 

S +HX = SHX: K, = 6,/¢HX [2] 

H*+D° = HD; Kp=(H*)(D)/HD [3] 

S+HD = SHD: Kz = 6p/¢HD [4] 

@=1- 6,- 4p. [5] 


Here X is the collector anion, D the depressant 
anion, 9, and 6p are the fractions of the free-acid 
sites S on the surface of the mineral covered by 
collector and depressant free acids, respectively, 
and ¢ is the fraction of uncovered sites. Ky is the 
free-acid collector dissociation equilibrium con- 
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stant, Ki that for the free-acid collector adsorption, 
Kp that for the free-acid depressant dissociation, 
and Ke the equilibrium constant for the free-acid 
depressant adsorption. Eqs. 1 to 5 yield upon 
simultaneous solution the result 


HX =K'+K'Ko (HD)/K1 
= HX (1 + K2(HD)/Ky) [6] 


where, for the physical condition expressing the 
threshold of air-bubble contact, 


K" = 6y/(1 - @y); (@y = constant) [7] 
and 
=K"K,=K’ [8] 


is the critical free-acid concentration for bubble 
contact in the absence of depressant-free acid. Eq. 
8 expresses the conditions along a simple collector- 
mineral contact bubble curve for the case HD = 0, or 

"= 0. Last and Cook showed that Eq. 6 applies 
generally and with good accuracy in the collector- 
depressant- metal sulfide mineral systems.‘ Inci- 
dentally, it has been shown by infrared absorption 
studies that in some cases the free-acid adsorption 
process splits out water.® In this case, Eq. 2 might 
be written SHOH + HX = SHX + H2O, with a similar 
equation replacing Eq. 4 for depressant-free acid- 
water exchange. This possibility does not change, 
however, the basic equations or considerations of 
the hydrolytic adsorption model. Indeed, this type 
of free acid- water exchange reaction was predicted 
for fluorite and iron ore flotation by oleic acid in 
the dry grinding and boiling processes.” © 


ION- PAIR ADSORPTION EQUATIONS 
The equilibria involved in the ion-pair model are 
In terms of the respective equilibrium constants 
Ki, Ke, and Ks of these equations, one obtains: 
KwkKi=(1- [12] 
K pK2(HD) = (1 - [13] 
Ky K3(HX) = (1 - 
where Kw = H'OH ; Kp and Ky are again the free- 
acid equilibrium constants for depressant and col- 
lector, respectively. Also using here Oy, 8p, and 
§ox, for the respective anion coverages of the 
negative ion sites S”, and 6,, the fraction of cov- 


erage of positive ion sites by cations (H*), we define 
W by the equations 


under the requirement of surface charge balance. 
Adding Eq. 9 to Eq. 11 and substituting 1 - w for 
Bon + + 8p, one obtains 
(1 + KyK3(HX) + KpK2(HD). 
Substituting this result in Eq. 14 gives 
(1 6y/0,)KyK, 
(05/64) Kp Ke 
(1 6y/6,,)KyKs 


(HX) 


(HD). [16] 


One thus here defines (HX)o in the ion-pair model by 
the equation 
)KiKy 


[17] 


(HX), = 


On the other hand, from Eqs. 12 and 14 alone one 
obtains 


(6x) KyK, 


Oon)KyKs 


(HX) = 


which is, in effect, the water ionization constant Kw 
times the Barsky constant X_/OH . In the absence 
of a specific depressant D’, such that (HX) in Eq. 18 
becomes (HX)o, Eqs. 17 and 18 may be equated giving 

Since 6 =9oH + Oy (when D = 0) this requires 6y + 
Oo = 1.0 or that nearly all of the anion sites are 
covered by anions (and also that nearly all of the 
cation sites are covered by H’) all along the contact 
bubble curves of Wark and Cox, leaving effectively 
none of the anion sites on the mineral surface free 
of adsorbed anions. 


FREE ENERGY REQUIREMENTS 


A free energy argument may be used to evaluate 
the assumption 6y + = 1.0 for = 0, or the 
equivalent equations of the ion-pair adsorption 
model for D # 0, upon which validity of the model 
depends. Subtraction of Eq. 9 from Eq. 11 gives the 
exchange reaction 


The free energy AF® of reaction 20 is then 
AF® = -RT [21] 


Employing contact bubble data taken from Suther- 
land and Wark (Table IX-2, Ref. 6) the so-called 
Barsky constants (X /OH ) applicable along the 
contact bubble curves when D = 0 for various col- 
lector-mineral systems were computed and results 
are presented in Table I. Now in the ion-pair ad- 
sorption model the ratio 9x/OoH% is fixed essentially 
by the physical conditions for air bubble contact and 
the relation Oy + 654 = 1. That y is relatively small 
clearly is evident from the fact that air bubble con- 
tact is achieved for any finite contact angle above 
zero. But at complete coverage of the mineral by 
collector the contact angle ranges from 60° for the 
ethyl group to 105° for a long chain hydrocarbon 
collector radical. That is, one realizes, since the 
contact angle vs concentration curves are typical 
Langmuir curves, that @y must increase consid- 
erably as the contact angle increases from zero 
to 60° or more. Wadsworth et al.* showed that 
Oy = 0.16 along the contact bubble curve for the 
sodium ethyl xanthate-galena system. This is ex- 
pected to be a maximum value for coverage of the 
surface by collector at the contact threshold because 
at the threshold of air bubble contact 6y should de- 
crease (relatively slowly) with increasing hydro- 
carbon chain length. For the examples shown in 
Table I apparently 0.1 < 6y < 0.16. Accordingly, 
6y/@on should fall in the range 0.1 to 0.2 in the ion- 
pair adsorption model for D =0 in metal sulfide 
flotation systems. Using the value 6y/0oy = 
0.16/0.84, the free energies of the exchange re- 
action 20 were computed from the Barsky constants 
and Eq. 21, and the results are given in Table II. 

Consider now the assumption 45, + @y = 1.0 for 
the systems shown in Tables I and II. To do this we 


Table |. Barsky Constant (X-)/(OH™) for Several Collector- 
Mineral (Metal Sulfide) Systems (from Sutherland and Wark’s® 


Table IX-2) 
Col- 
lector Sphal- Chalco- 
No. Collector erite Galena Pyrite pyrite 
1 Na-di-ethyl 
2 K-ethyl xanthate - 0.64 0.5 0.025 
3 Na-di-ethyl 
dithiocarbamate Wy Os) <1.6- 
4 K-iso-amy] 
xanthate 3.10° 0008) =< 
5 K-di-n-amyl 
dithiocarbamate 0.64 <1.6-10~° 0.0025 <1.6-10 
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Table Il. Free Energies (in Kcal per Mol) of the lon-Exchange 
Reaction (20) for the Collector- Mineral Systems of Table | 


Collector No. AF? AF° AF° AF° 
(see Table!) (Sphalerite) (Galena) (Pyrite) (Chalcopyrite) 
- —9.7 —3.1 
2 - —0.7 — 0.6 1.6 
3 —6.5 >2.8 —0.6 >2.8 
4 —8.5 1.6 1.9 
5 —0.7 >2.8 2.6 >2.8 


express the opposite reactions comprising the ex- 
change reaction 20 and their free energies Avy and 
respectively, as follows: 


S"+OH = S’OH 

Auy = -RT log, 
= -RT log, /W(OH ). 


Then, since the free energy AF of the exchange re- 
action is the difference between the adsorption po- 
tentials of the separate ions one has for AF 


22] 
23] 
24] 

] 


[ 
[ 
[ 
[25 


AF® = Avon — Aly [26] 
For the counter-ion reaction one may write 

[27] 
and its free energy is then 

Auy = -RT log [28] 


remembering for charge balance and D =0 that 
64 = Oy + Oo because experimental evidence shows 
that the only cation involved in the collector-de- 
pressant adsorption processes in the collector- 
depressant-metal sulfide systems considered here 
is H’, the alkali ions having been shown experi- 
mentally not to be extracted from solution by ad- 
sorption on the mineral surface. 

Inspection of the Barsky constants of Tabie I 
shows that one may find a collector for a metal 
sulfide for which the Barsky constant (X~/OH) is 
approximately unity. But when this ratio is unity 
AF® Eq. 21 is then zero and the adsorption po- 
tentials —Auy and —Avoy are then equal. Under 
this circumstance 0y = 954, because two collector 
anions present in the solution at the same concen- 
tration, and having at the same time equal adsorp- 
tion potentials obviously must adsorb on the mineral 
surface to the same extent, Now, as seenalsoin Table 
I, one may also find other collectors for this (common) 
mineral for which the Barsky constant is either very 
much greater or very much less than unity. For the 
former case the free energy Auy of the collector ion 
turns out sometimes to be positive and X~ would 
then not even adsorb on the mineral. (On the same 
mineral Auoy is, of course, always the same.) 

As an example of this situation consider the sys- 
tem K-ethyl-xanthate galena where 0y = 0.16 and, as 
shown by Wadsworth et al.* Sutherland,° and Table II, 
AF® =0. In this case 0.16: (This itself 
shows a breakdown of the required conditions 
Oy + O54 = 1.) Hence, + 0.52 and 6g}; = 


446 


-RT log, 0.16/0.52(OH ) =—6.2 kcal. Note, however, 
from Table II that AF° = -6.5 for Na-di-ethyl 
dithiophosphate on galena for which Avon must also 
be —6.2 kcal, since the same mineral is involved. But 


then Avy = +0.3 kcal and adsorption of X~ would not 
then be possible. The same situation exists for Na- 
di-ethyl carbamate and K-iso-amyl xanthate on 
sphalerite and for Na-di-ethyl dithiophosphate on 
pyrite. 

Similar arguments show that 65; ¥ 0 along a 
contact bubble curve for Na-di-ethyl dithiocar- 
bamate on galena and chalcopyrite, K-iso-amyl 
xanthate on galena, pyrite, and chalcopyrite, and for 
K-di-n-amyl dithiocarbamate on galena, pyrite, and 
chalcopyrite, citing only the examples shown in 
Tables I and II. 

While the foregoing free energy arguments are 
adequate to demonstrate that the ion-pair model is 
not involved in the contact bubble curves of Wark 
and Cox, it is enlightening also to take into con- 
sideration the requirements of counter-ion (in this 
case H*) adsorption. Eqs. 24, 25, and 28 together 
with the required constancy in the ion-pair model of 
Oy, Pou, 94, 4Uou, and Avy, along a contact bubble 
curve show that the products W(OH), and 
W (H*) must each be constant along this curve. But 
this is clearly impossible. Firstly, this is simply 
because H* varies inversely as (OH) as the pH 
undergoes change, pH changes along a contact 
bubble curve being sometimes in excess of seven 
units. Secondly, for changes in (OH) and (X”) by 
as much as 10’, w must vary (inversely) by the same 
amount. But at the same time one requires that 
Oy + = 1.0 (when = 0). This would mean 
simply that Y, which represents either the fraction 
of unoccupied anion sites or the fraction of un- 
occupied cation sites on the mineral surface, must 
be very small indeed, (e.g., from 10° ° to 107?) over 
the entire pH range of a contact bubble curve. 

Since Y appears in the denominator of the potential 
function, this situation requires unreasonably large 
adsorption potentials for all of these ions. 

It may be concluded, therefore, that while Eq. 16 
based on the ion-pair adsorption model has the same 
form as Eq. 6 derived from the hydrolytic adsorp- 
tion model, fundamental free energy considerations 
seem to show that the effective collectors are the 
free acids and free bases, HX and ROH, respec- 
tively, rather than the corresponding ion-pairs H’, 
X 
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New Method for Determining the Tensile Strength of a Rock 


Qeveral methods have been proposed for determin- 
ing the tensile strength of rock. These have been 
tried out over the past several years, but the re- 
sults have been erratic and of doubtful value. 

The tensile strength of rock is its weakest prop- 
erty, and this property apparently enters into all 
failure phenomena, whether underground or on the 
slope of an open pit. Therefore, it is essential that 
detailed quantitative information is known about the 
tensile strength of rock if the design engineer is 
going to select the proper pit slope, pit orientation, 
or orientation of underground workings so as to give 
the most economical and safest mining condition. 
This quantitative information may be used to orient 
the pit in such a manner as to allow steep slopes 
along two sides. This information possibly may be 
used to orient the direction of either underground 
workings or open pits so as to decrease powder con- 
sumption and to increase blasting efficiency. Hence 
it is of prime importance that a method of deter- 
mining accurately the tensile strength of rocks be 
developed. 

The U.S. Bureau of Mines states’ that no standard 


Fig. 1—Specimen in clamp type grips. 
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methods have been proposed by the ASTM for testing 
the tensile strength of rock. The method described 
in the Bureau publication is said by them to be un- 
satisfactory. A similar test that has been used in 
our laboratory in place of the USBM test is shown 

in Figs. 1 and 2. In this test the core is placed ina 
set of grips that has been designed for one partic- 
ular size core. The grips are designed to dis- 
tribute the stress around the core if they are tight- 
ened correctly. A universal joint or a flexible cable 
may be used in conjunction with the apparatus to 
prevent bending or twisting of the specimen. The 
main difficulty encountered with the system shown 
is the failure of the specimen within the grips. The 
possible cause of the failure within the grips may 

be due to a stress concentration set up by the uneven 
tightening of the grips. This method can be used 
only for tests on cores, and even then has been found 
to be totally unsatisfactory because of the failure 
within the grips. 

The U.S. Bureau of Reclamation has been using a 
test similar to the sketch shown in Fig. 3. Sulfur is 
cast around each end of the specimen to form a 
bearing surface and then a ring grip is used to apply 
a tensile stress. The grips are in contact with the 
sulfur cast and do not touch the specimen. This 
method is unsatisfactory, apparently because a large 
number of the specimens appear to break within the 
sulfur cast. 

Professor Wuerker of the University of Illinois 
uses the test shown in Fig. 4.?> Professor Wuerker 
states” that this method has given definite and re- 
producible results with the weakest as well as with 
the strongest rocks. The test is a supplement in all 
cases where cores cannot be obtained. The prin- 
ciple and equipment are the same as for the test for 
tensile strength of hydraulic-cement mortar. Soft 


Fig. 2—Typical break of a specimen using clamp 
type grips. 
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Fig. 3—Sulfur cast around each end of the specimen 
to form a bearing surface, and a ring grip used to 
apply a tensile stress (after U.S. Bureau of Re- 
clamation) . 


rocks, which cannot be core-drilled, are hand cut. 
Medium-hard and hard rocks can be core-drilled 
as shown and cut to form a suitable specimen. 

The tensile strength values obtained by this method 
do not represent true values because of the stress 
concentration caused by the curvature of the side of 
the piece and because of the closeness of the grips. 
The ratio of maximum to average stress at the plane 
of failure has been determined to be about 1.75. 
Professor Wuerker’s method appears to give good 
results, but the major difficulty of this test is the 
preparation of the specimens. 

Another method® that has been suggested is shown 
in Fig. 5. This method is probably the simplest to 
use, but requires the use of cylindrical specimens. 


Fig, 5—Sketch of a specimen between two parallel 
plates and a specimen showing the type of break 
resulting from this test. 
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— TENSILE 
SPECIMEN 


Fig. 4—Spacing of EX drill holes to obtain briquet 
tensile specimens, 


If a disk is compressed at opposite ends of a diam- 
eter by knife edges, it can be shown theoretically 
that there exists a tensile principal stress of con- 
stant magnitude across this diameter that tends to 
pull the disk in half along this line. This tensile 
stress is calculated by: 


2W 
Tensile stress (psi) = 7DL 


where W is the load applied in pounds, L is the 
length of the specimen, and D is the diameter of the 
specimen. 


Fig. 6—Specimen mounted for testing using the plate 
and glue method, 
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Fig. 7—Specimens showing failure using the plate 
and glue method. 


If a disk is compressed between two parallel plates 
as shown in Fig. 5, it can be shown experimentally 
that the stresses only differ from the above theo- 
retical solution at points the same order of distance 
away from the applied load as the width of the area 
of contact between the plate and the disk, provided 
this contact width is small compared to the diameter 
of the specimen. The test is valid on brittle ma- 
terials or materials that have a shear strength much 
greater than their tensile strength. 

The fallacy of this type of test is that the plane of 
failure is selected and the specimen is made to fail 
along this predetermined plane. This test should 
give results with small standard deviations if the 
material is uniform and does not have any apparant 
bedding planes or planes of weakness. The average 
tensile strength of twenty specimens tested by this 
method was 6 to 9 pct higher than the average value 
of the tensile strength of twenty specimens obtained 
by other methods. A similar test was run on another 
rock and the average tensile strength was 20 pct 
higher by this method. 

The method that is used in the Colorado School of 
Mines research laboratory is shown in Figs. 6 and 
7. This method was first used by Marcial Garcia, a 
graduate student in mining. A cylindrical, square, or 
rectangular specimen is prepared, having parallel 
ends. A set of plates is glued to the ends of the 
specimen using a commercial product called plastic 
steel. Many other commercial glues will work as 
well. The technique of centering the specimen on 
the plate is very critical. Therefore, it is necessary 
to design different plates for each type of specimen. 
If NX cores are being tested, use a plate that is 


round and has the same diameter as the core. If 
square specimens are being tested, use a plate of 
the same size and shape. The tests may be run as 
shown, using a set of universal joints or a nontwist 
cable to prevent applying a bending moment to the 
specimen. This method may be used to determine 
the tensile strength in any direction and will give 

a better picture of the tensile properties of the rock. 
This test is designed to determine the planes of 
weakness as well as the average tensile strength of 
the material if the specimens are correctly selected. 

The selection of a specimen for determining ten- 
sile strength is more critical than for selecting 
specimens for any of the other physical rock tests. 
An example of an improper test would be the deter- 
mination of the tensile strength of a small diameter 
core that broke into short lengths during the drilling 
operation. The values obtained would not be the 
average tensile strength but would be the tensile 
strength of the strongest pieces. If cores are to be 
used, they should be of the larger sizes and used 
only when long lengths can be obtained. New types 
of core barrels have been designed that will greatly 
help in obtaining cores from the field that may be 
satisfactory for these tests. 

Whenever possible, large specimens should be 
obtained and the test specimens prepared in the 
laboratory to give realistic tensile strength values. 

We have used this test approximately 100 times. 
For the first time in our years of experimentation, 
we seem to have a tool or method which can be de- 
pended on and which gives relatively consistent re- 
sults, considering the heterogeneous nature of the 
rocks dealt with. To us it seems to be an important 
step in the application of laboratory results to prac- 
tical mining problems. 
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FATTY ACIDS AS FLOTATION COLLECTORS 


FOR CALCITE 


Flotation experiments using stearic, oleic, linoleic, linolenic, and vicinoleic 
acids and naturally occuring products rich in these acids as collectors for 
calcite are described. The results confirm the validity of the rule of Hukki 
and Vartiainen relating the collecting power and unsaturation of the C18 
acids. Reasons for this relationship are discussed and a close relationship 
between mineral depression and critical micelle concentration is reported. 


[: has long been recognized that the unsaturated 
fatty acids are in general superior flotation collec- 
tors to their saturated homologues. Whereas earlier 
workers concentrated on saturated and monoethe- 
noid acids, recent investigations have centered on 
oleic, linoleic, linolenic, and the substituted mono- 
ethenoid acid: ricinoleic. 

From studies of the collecting properties of pal- 
mitic, oleic, linoleic, and linolenic acids on ilmenite, 
rutile, hematite, and magnetite, Hukki and Vartiai- 
nen? concluded that the collecting power of fatty acids 
increased with unsaturation of the hydrocarbon 
chain. 

Sun, Snow, and Purcell? investigated the collecting 
properties of unsaturated fatty acids as collectors 
for phosphate ores and concluded that the collecting 
power increased with increasing unsaturation of the 
hydrocarbon chain up to two double bonds and that 
further unsaturation decreased the collecting power. 
More recently Sun studied the collecting power of 
the C18 fatty acids stearic, oleic, linoleic, and lino- 
lenic on 37 minerals. The results of these experi- 
ments with a few exceptions showed that the col- 
lecting power of the acids increased in the order 
stearic, oleic, linoleic, and linolenic. The relative 
collecting powers of linoleic and linolenic acids 
were in many cases altered by the cleanliness of the 
mineral surface prior to flotation. Sun concluded 
that linolenic acid may become oxidized by atmos- 
pheric oxygen during flotation, a reaction which 
would reduce its effectiveness as a collector. This 
deduction is supported by Gaudin and Cole* who con- 
cluded that oleic and linoleic acids do not undergo 
appreciable oxidation of the double bonds during flo- 
tation but that the linolenic acid double bonds are 
measurably affected. 


M. H. BUCKENHAMN, formerly Senior Lecturer in Mineral 
Engineering, Faculty of Technology, University of Otago, 
Dunedin, New Zealand, is now at Columbia University, New 
York; and J. M. W. MACKENZIE is Research Officer, 
Broken Hill Pty. Ltd., Central Research Laboratories, 
Shortland, Newcastle, Australia. TN 60B232. Manuscript, 
Oct. 6, 1960. Discussion of this paper, submitted in dup- 
licate prior to July 1, 1962, will appear in AIME Trans., 
1962; voli. 223: 
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by M. H. Buckenham and J. M. W. Mackenzie 


The most complete investigation on the influence 
of hydrocarbon chain unsaturation on the collecting 
properties of fatty acids is that of Kivalo and Leh- 
musvaara.® These workers using linolenic acid of a 
higher purity than Hukki and Vartiainen showed that 
this acid was superior to oleic and linoleic acids as 
a collector for magnetite. They also found that ri- 
cinoleic acid was a more effective collector for this 
mineral than the other acids investigated, an obser- 
vation particularly apparent at high collector con- 
centrations. Seeking to explain the superiority of the 
unsaturated acids these authors considered the ef- 
fects of critical micelle concentration, surface ac- 
tivity, hydrolysis, and cross sectional area of the 
hydrocarbon chain in relation to unsaturation. Using 
what, according to the results of Cavier® are erro- 
neous surface tensions of the soap solutions of these 
acids, they concluded that the surface activity de- 
creases and the critical micelle concentration in- 
creases with increasing unsaturation. In view of the 
data of Cavier, whose results show that surface ac- 
tivity of these soaps increases with unsaturation, the 
deductions of Kivalo and Lehmusvaara are open to 
criticism. The degree of hydrolysis of the soap solu- 
tions as measured by Kivalo and Lehmusvaara de- 
creases as the unsaturation of the fatty acid in- 
creases, a result which helps to explain the superior- 
ity of unsaturated acids as collectors. 

In view of the superiority of unsaturated acids as 
collectors for many minerals, attention has been 
directed towards the utilization of fatty acid raw 
materials such as tall oils and linseed oils which 
contain considerable quantities of these acids. This 
paper describes test work to determine the effect of 
unsaturation of the hydrocarbon chain on the collect- 
ing properties of fatty acids on calcite, and includes 
comparable test work using natural products rich in 
unsaturated acids. 


TEST WORK 


Reagents: The pure fatty acids used were oleic, 
linoleic, and linolenic. Of these, oleic was supplied 
by British Drug Houses Ltd. and the others were 
produced by the Hormel Inst. When not in use these 
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CONCENTRATION GMS - LITRE 
Fig. 1—Hallimond tube results showing the effect 
of concentrations of collectors—oleate, linoleate, 
linolenate, ricinoleate, and stearate—on calcite re- 
covery. 


acids were stored under nitrogen in a refrigerator 
to prevent oxidation of the double bonds. The ricino- 
leic acid was a sodium salt supplied by the Distilla- 
tion Products Div. of the Eastman Kodak Co., an 
analysis of which is included in Table I together with 
analyses of stearic acid and locally available fatty 


acid products which were also evaluated as collectors 


for calcite. Sodium salts of the pure acids were pre- 
pared by neutralization with aqueous sodium hydrox- 
ide and sodium salts of the crude products by sapon- 
ification with ethylinic sodium hydroxide.* 


*Sodium hydroxide dissolved in ethyl alcohol. The alcohol was sub- 
sequently removed by distillation at reduced pressure. 


Calcite: The calcite used in the investigation was 
marble from Takaka, Nelson, New Zealand. The 
usual precautions were taken during and after prep- 
aration to ensure that contamination of the mineral 
surfaces was avoided. The calcite was periodically 
subjected to Hallimond tube testing in distilled water 
to confirm surface cleanliness. 

Flotation Tests: Flotation tests on —65 +100 mesh 
Tyler calcite were carried out using a Hallimond 
tube, conditioning and flotation times being 40 and 
1.5 min, respectively. Tests were conducted at the 
natural pH to avoid the influence of added OH and 
hydrogen ions on hydrolysis and micelle formation. 
Critical Micelle Concentration: The technique of dye 
solubilization was used to determine critical micelle 
concentrations. This method does not yield a sharply 
defined concentration but rather a range of concen- 
tration as required by the mass law. The dye used 
was an adsorption indicator di-iodo (r) dimethyl (r) 


Table I. Analysis of Impure Fatty Acid Collectors 


Linseed 
Castor Linseed Recovery Ricinoleic Stearic 
Tall Oil* Oil Oil Oil Acid Acid 
Palmitic 11.87 2.63 4.43 4.84 2.08 3.54 
Stearic 9.96 PAL 93.15 
Oleic 34.45 9.48 T5252 13.30 0.88 
Linoleic 6:50 8.45 14.52 18.55 4.17 - 
Linolenic - - 64.10 55.65 ~ - 
Ricinoleic - 78.90 - - 82.64 - 


*The tall oil also contained 8.42 pct lauric and 6.89 pct myristic 
acids. 
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CONCENTRATION GMS- LITRE 
Fig. 2—Hallimond tube results showing the effect 
of concentration of collectors—tall oil soap, recov- 
ery oil soap, linseed oil soap, and castor oil soap— 
on calcite recovery. 


fluorescein, a small excess of which was added to 
the soap solution and allowed to stand for 40 min. 
The solution was then centrifuged and the resulting 
color tested for optical density using a Spekker pho- 
tometer with green filters. 

Hydrolysis: Standard concentrations of soap solu- 
tions were prepared and the pH immediately meas- 
ured by a Cambridge pH meter. 


RESULTS AND DISCUSSION 


The results of flotation tests using stearic, oleic, 
linoleic, linolenic, and ricinoleic acid soaps (Fig. 1) 
show, with the exception of stearic acid, a linear in- 
crease in calcite recovery for low collector concen- 
trations followed by a region of optimum recovery 
after which at high collector concentrations recovery 
rapidly falls to zero. 

Calcite recovery with the crude acids (Fig. 2) in 
general follows that of the fatty acids of which they 
are composed. An exception however is the castor 
oil which despite having 78.9 pct ricinoleic acid 
ceases to follow the recovery for this acid above 
0.4 g per l. The recovery curves for the linseed oils 
show high recoveries at low concentrations, in agree- 
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Fig. 3—Test results showing the intensity of dye 
solubilization against concentration of collectors— 
oleate, linoleate, linolenate, ricinoleate, and tall 


oil soap. 
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CONCENTRATION GMS-LITRE 
Fig. 4—Hydyrolysis curves showing the effect of 
concentration of collectors —oleate, linoleate, lino- 
lenate, and vicinoleate—on pH. 


ment with their high linoleic and linolenic acid con- 
tents. Compared with the raw linseed oil, high acid 
recovery oil* is a superior collector at low concen- 


*Impure byproduct recovered during refining of raw linseed oil. 


trations but depression at high concentrations oc- 
curs at lower values than for the linseed oil. These 
differences in collecting properties can be recon- 
ciled with the linoleic acid contents of these reagents, 
(18.55 and 14.52 pct, respectively). The curves for 
the linseed oils and tall oil show a distinct irregu- 
larity in form in the plateau region, a trend which is 
also evident to a lesser degree in the castor oil 
curve. The reasons for this irregularity, not evi- 
dent in the curves for the pure acids, is not under- 
stood but it may be due to the fact that the impure 
collectors contain mixtures of fatty acids and there- 
fore ions of different types may be adsorbed onto 
the calcite surface. If this is so the curves would 
represent the cumulative effect of different collector 
entities. 

It is apparent from Fig. 1 that the collecting prop- 
erties of stearic, oleic, linoleic, and linolenic acids 
follow the original rule of Hukki and Vartiainen. The 
curves show, however, that the order of superiority 
of the acids as collectors for calcite depends to 
some extent on the concentration and pH at which 
the comparison is made. This may explain some of 
the anomalies which have been reported when C18 
fatty acids have been compared at one concentration 
only. 

From Fig. 3 the approximate collector concentra- 
tions at which micelles begin to form in appreciable 
quantities are: 


Linoleate 0.15 gpl 
Linolenate 0.20 gpl 
Oleate 0.30 gpl 
Ricinoleate 0.45 gpl 
Tall Oil Soap 0.50 gpl 


The value for the oleate (0.001 mol per 1) com- 
pares reasonably well with that of Flockhart and 
Graham’ of 0.0015 mol per 1. The results reported 
above are in contrast to the trend proposed by Kivalo 
and Lehmusvaara whose results, however, were de- 
rived from surface tension measurements, which in 
view of the work of Cavier may be incorrect. Our re- 


452 


(0) (Cc) 

Fig. 5—Models showing possible orientations of 
carboxylate collector ions at the mineral surface. 
a) Oleate, low concentration, b) Linoleate, low con- 


centration. c) Linoleate, high concentration, 


(a) 


sults are in better agreement with the order which 
may be inferred from rather incomplete osmotic co- 
efficient data of McBain. ® 

The pH measurements graphed in Fig. 4 show that 
degree of hydrolysis decreases in the order oleate, 
linoleate, linolenate, a result confirming the trend 
found by previous workers,°»° although the actual pH 
values are somewhat different in magnitude. 

The improved collecting properties of the C18 
fatty acids with increasing unsaturation may be as- 
sociated with 1) the oxidizability of the double bond, 
2) the degree of hydrolysis of the fatty acid soap 
solutions, 3) the orientation and cross sectional area 
of the hydrocarbon chains, and 4) the critical micelle 
concentrations of the fatty acid soap solutions. 
Oxidation of Double Bonds: Gaudin and Cole con- 
cluded that the ordered increase in the collecting 
powers of the C18 fatty acids was not due to oxidiza- 
bility of the double bonds. The double bonds of lin- 
oleic acid may however undergo some oxidation as 
a result of flotation cell aeration and oxidation may 
be the reason for linolenic acid appearing inferior 


(a) (b) 


Fig. 6—Models showing possible orientations of 
carboxylate collector ions at the mineral surface. 
a) Linolenate, low concentration. b) Linolenate, 
high concentration. 
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(a) (b) 
Fig. 7—Models showing possible orientations of 
carboxylate collector ions at the mineral surface. 
a) Ricinoleate, low concentration. b) Ricinoleate, 
high concentration. 


to linoleic or at least for the anomalous results 
which have been reported. 
Degree of Hydrolysis: Hydrolysis of soap solutions, 
whether to form acid soaps or the free acid, may be 
expected to affect the flotation properties of a soap 
solution. Soaps such as sodium linoleate which hy- 
drolyze to a lesser degree than sodium oleate may 
be expected to be superior collectors. pH varied 
considerably in the Hallimond tube tests but did not 
enter the range where OH ions could be expected to 
cause marked depression. Addition of hydrogen or 
OH ions to control the pH would have masked the 
hydrolysis effects and altered the physicochemical 
conditions existing in the soap solutions, in particu- 
lar the critical micelle concentration. At the low 
pH values encountered below concentrations of 0.1 
gpl, reduction of the collector ion concentration in 
accordance with the Henderson equation may have 
had an effect on calcite recovery. 
Orientation and Cross Sectional Area of Hydrocar- 
bon Chains: Studies of monomolecular films of fatty 
acids on water with particular reference to force- 
area curves by Schneider, Holman, and Burr” have 
yielded information regarding the apparent cross 
sectional area of the fatty acid molecules. These 
experiments showed that the hydrocarbon chains in - 
crease in cross sectional area with increase in un- 
saturation. 

The results of Schnieder, Holman, and Burr are: 


Acid Apparent Cross Sectional 

Area A? 
Stearic 24.4 
Oleic 56.6 
Elaidic 48.5 
Linoleic 59.9 
Linoelaidic 
Linolenic 68.2 
Elaidolinolenic 60.0 
Ricinoleic 109.4 
Ricinelaidic 79.7 


According to Langmuir’s original postulate, the 
double bonds in the fatty acids have an affinity for 
water, a conclusion which is in agreement with the 
surface tension data of Cavier. However, mere so- 


lution tendencies of unsaturated centers of the hy- 
drocarbon chain cannot alone be responsible for this 
increase in apparent molecular cross sectional area 
as some unsaturated fatty acids such as ricinelaidic 
form condensed monolayers. 

Possible adsorption configurations for the fatty 
acids are shown in Fig. 5, 6, and 7. It is suggested 
that at low concentrations the carboxylate ions of 
linoleic and linolenic acids tend to be oriented paral- 
lel to the mineral surface, and at higher concentra- 
tions the orientation changes until the ions are al- 
most perpendicular to the surface. Under these con- 
ditions the hydrocarbon chains would cover an area 
determined by the space requirements of the chain 
rather than by the chain orientation. The tendency of 
the hydrocarbon chains to orient themselves more 
or less parallel to the mineral surface would in- 
crease with increasing unsaturation. This effect is 
not noted with stearic acid, which forms a compact 
monolayer with a limiting cross sectional area of 
24.4 A?. While this effect may help to explain the 
superiority of the doubly and triply unsaturated acids 
at low concentrations the behavior of ricinoleic acid 
is anomalous. The hydroxyl group is water avid as 
is suggested by the high apparent cross sectional 
area of 109.4 A?. However, the flotation results do 
not indicate that ricinoleic acid is adsorbed parallel 
to the calcite surface but suggest that it is adsorbed 
in much the same manner as oleic acid, the structure 
of which it closely resembles. It is possible that in 
the case of ricinoleic acid, hydrogen bonding between 
the OH groups will cause the hydrocarbon chains to 
orient themselves in a manner similar to that of 
oleic acid and in a more compact form than that of 
the more unsaturated acids. 

Orientation of the hydrocarbon chain at the min- 
eral surface is not the only factor determining the 
surface coverage of the mineral by collector ions. 
The unsaturated fatty acid cis-isomers will by their 
very nature have increasing cross sectional area 
with increasing unsaturation. This increase in space 
requirement, as well as the increase in thermal agi- 
tation of fatty acid molecules with an increase in 
unsaturation, explains the expanded type of mono- 
layer formed at the mineral surface by the cis- 
isomers of the unsaturated fatty acids. 

Critical Micelle Concentration: Collector ions when 
adsorbed on a mineral surface have their hydrocar- 
bon chains oriented towards the solution. When the 
ions at the surface reach a certain concentration 
corresponding to the critical micelle concentration 
of the bulk solution they may form what Gaudin and 
Fuerstenau!! term ‘‘hemi-micelles.’’ These may be 
visualized as being half a McBain lamellar micelle 
with the mineral surface taking the place of the wa- 
ter phase. The formation of complete micelles at 
the mineral surface, a phenomenon which may be 
expected to occur at higher concentrations than are 
necessary for the formation of hemi-micelles, re- 
sults in the collector coated mineral surface becom - 
ing hydrophyllic. From the curves in Figs. 1 and 2 
it is suggested that through the plateau region hemi- 
micelle formation becomes almost complete and that 
the abrupt decrease in recovery with increasing col- 
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lector concentration is due to the formation of com- 
plete micelles at the interface. If the above hypoth- 
esis is correct, there should be a correlation be- 
tween the critical micelle concentration of the bulk 
solution and the concentration at which depression 
commences. 

The corresponding values are: 


Critical Micelle Concentration 
Concentration, at which Depression 
Gpl Commences, Gpl 
Linoleate 0.15 0.6 
Linolenate 0.20 0.9 
Oleate 0.25 1.0 
Ricinoleate 0.45 2.0 
Tall oil soap 0.50 2.2 


Considering the approximations made in deriving 
these results and the broad zone over which micelle 
formation occurs there is a close correlation be- 
tween the two concentrations. The reason for the 
concentration at which depression commences being 
approximately four times the critical micelle con- 
centration is not understood, but it may be due to 
the fact that the micelles which form initially are 
capable of adsorbing a dye but are not sufficiently 
dominant to inhibit flotation. 


CONCLUSIONS 


Aqueous solutions of the alkali metal soaps of the 
fatty acids constitute complex systems the proper- 
ties of which are difficult to investigate and relate 
to flotation performance. These solutions are par- 
ticularly complex in the case of the saponified 
crude fatty acids, but their performance may be 
roughly interpreted on the basis of their fatty acid 
content. 

Sufficient test work has been done on the calcite- 
fatty acid system to further confirm the validity of 
the Hukki and Vartiainen rule relating collecting 
power and unsaturation of fatty acids. The improved 
flotation properties associated with unsaturation are 
connected with the structures of the fatty acids and 
are dependent upon the hydrolysis, critical micelle 
concentration, and surface activity of the soap solu- 
tions as well as the cross sectional area and orien- 
tation of the adsorbed fatty acid ions. 
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In the test work described there is a close corre- 
lation between depression of mineral due to exces- 
sive collector and the critical micelle concentration 
of the soap solutions as determined by dye solubili- 
zation. This suggests that depression is due to the 
formation of a double layer of collector ions corre- 
sponding to a lamellar micelle at the mineral solu- 
tion interface. 
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HANDLING AND DRYING OF WET 


AMBROSIA LAKE ORES 


Since the ore mined in the Grants-Ambrosia Lake uranium area is taken 
from a water-saturated sandstone formation, part of the milling operation 
includes a drying process. The authors discuss the merits and disadvan- 
tages of two methods: natural drying and mechanical gas-fired drying; 


operating and cost data are included. 


[° the Grants-Ambrosia Lake uranium area, ap- 
proximately 7000 tons of ore are mined each day 
from a water-saturated sandstone formation. This 
ore is sampled and treated at four separate milling 
operations. Prior to the design and initial construc- 
tion of the milling facilities, very little was known 
as to the physical properties of the ore which would 
be handled in the sampling and crushing facilities at 
the mills. All four mills initially were constructed 
without ore-drying facilities. 

As mining proceeded, it was determined that, even 
after drying the ore in place by use of drainage de- 
velopment underground, the moisture content of the 
ore as hoisted averaged approximately 18 pct. 
Actually, some of the mines produced ores which 
resembled cream-of-wheat in character and had a 
moisture content in excess of 24 pct. 

Each of the four mills had a differently designed 
sampling and crushing plant; therefore, the moisture 
content of the ores had varying adverse effects upon 
the operation of the plants. It was determined after 
some experience that most of the sampling and 
crushing facilities could not economically handle ore 
if the moisture content was greater than 10 pct—one 
operator considers 12 pct moisture as a maximum. 
In all of the plants, moisture content over 8 pct in- 
creases costs to some extent. In addition to the 
added sampling and crushing costs, some of the 
mills were located 15 to 20 miles from the mines 
and the high moisture content of the ores increased 
the haulage costs from the mine to the mill. 

It was generally conceded that it was necessary to 
employ some method to reduce the moisture content 
of the ore prior to sampling. Several methods were 
considered: 1) natural drying at the mine site, 2) 
mechanical gas-fired drying at the mill site, 3) me- 
chanical gas-fired drying at the mine site, 4) radiant 


heating on concrete clabs, and 5) infrared shed drying. 


F. HOWELL is Metallurgical Consultant, Homestake-Sapin 
Partners, and. R. J. STOEHR is Assistant General Manager, 
Homestake-New Mexico Partners, Grants, N.M. TP61B93. 
Manuscript, Feb. 15, 1961. St. Louis Meeting, February 
1961. Discussion of this paper, submitted in duplicate 
prior to July 1, 1962, will appear in AIME Transactions 
(Mining) 1962, vol. 223. 


by Frank Howell and R. J. Stoehr 


After preliminary investigation all possibilities 
but natural drying and mechanical gas-fired drying 
at the mill site were eliminated. 


NATURAL DRYING 


A cooperative feasibility study was conducted on 
the natural drying method. This study indicated the 
following: 

1) During summer months May through September, 
ore piled 4-ft deep would dry from +20 to +10 pct 
H2O in 30 days with no mechanical turning. 

2) In the first four days after piling a reduction of 
5 to 7 pct total moisture content was accomplished 
by drainage and absorption of the water into the un- 
derlying ground on which the ore was piled, provid- 
ing the ground surface absorption rates approached 
10 gal per sq ft per day. After the first four days 
the decrease of moisture caused by drainage was 
practically nonexistent. 

3) In the summer months drying by evaporation 
amounted to approximately 0.1 pct decrease in total 
moisture per day and mechanical turning of the ore 
could increase this as much as three times. 

4) Climatic conditions of the area indicated that: 
a) Air temperatures averaged 64° May, June, July, 
August, September; 41° October, November, Decem- 
ber, March, April; 31° January, February. b) Aver- 
age rain fall was 10 in. with 40 pct of this occurring 
during July and August. c) Only on very rare occa- 
sions were there over five consecutive days with 
below freezing temperatures. d) The annual evapo- 
ration rate was approximately 75 in. 

On the basis of this study, two of the mill opera- 
tions decided to attempt to meet the moisture 
specifications by natural drying supplemented by 
mechanical turning. The other two operations de- 
cided upon rotary gas-fired drying at the mill site. 

The natural drying method has been quite suc- 
cessful in practice. The ore running approxi- 
mately 18 pct moisture is trucked from the head 
frame and piled in rows about 6 ft wide, 3 1/2 ft 
deep, 5 feet apart during the months of May through 
September. In approximately 30 days this ore will 
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average 8 to 9 pct moisture. This ore is not moved 
until it is loaded for trucking to the mill. During 
the months of October, November, December, 
March, and April, it is necessary to pile the ore in 
rows approximately 12 ft apart. One week after 
piling the ore is turned with a regular road grader 
and allowed to dry for approximately another week. 
The ore is then piled into large 5000 ton piles, at 
which time the moisture content will average 8 to 

9 pct. During the months of January and February, 
it is necessary to turn the ore two or three times at 
one week intervals to attain the necessary moisture 
content, i.e., -10 pct. Four large drying areas are 
utilized, since it is important to allow sufficient 
time for the surface base of the area to dry thor- 
oughly prior to placing freshly mined ore upon the 
surface. 

The work of grading and piling the ores is done 
under contract. The contractor charges $12.50 per 
hr for grading and $15.00 per hr for piling the 
graded ore. The costs last winter averaged 27¢ per 
ton on the tons graded and stockpiled with an aver- 
age cost for the entire year of 13¢ per ton. 


MECHANICAL GAS-FIRED DRYING 


In the original design of the crushing plant pro- 
visions were made for the future installation of a 
rotary dryer to dry the ores to be fed to process 
from the Homestake-Sapin section 23 and 25 mines. 
However, the actual design and installation of the 
dryer was not made until 1958 to 1959, when it be- 
came obvious that the mill would be short of ore 
unless substantial tonnage of the section 23 and 25 
wet ores were available by the fall of 1959. The 
installation of the dryer, burner, dust collecting 
system, and conveying system was made by the Utah 
Construction Co. 

The design specifications for the 10x80-ft 
Stearns-Roger rotary dryer were: 


1) Material Uranium ore; a 
crystalline con- 


glomerate sandstone 


2) Plant location Grants, N. M. 
3) Elevation 6500 ft 
4) Feed rate 125 tph 


5) Initial moisture content 
6) Final moisture content 
7) Specific heat of solids 
8) Size of material 


20 pct wet weight 

7 pet wet weight 
0.20 
—2-in. from pri- 
mary screen and 
discharge of the 
impact breaker 
9) Weight per cu foot 100 lb 
10) Maximum temperature 

to which material may 


be heated No limit specified 
11) Preferred material 

flow Concurrent 
12) Fuel Natural gas, 1060 


btu per standard cu 
ft 
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EQUIPMENT SPECIFICATIONS 


1) Operation: The hot gases flow concurrent to the 
flow of material. The dryer rotates at a speed of 
5 rpm and is inclined on a slope of 5/8-in. per ft. 
The material is retained in the dryer for approxi- 
mately 12 min. 
2) Dryer Shell: Consists of a 5/8-in. mild steel 
plate rolled to cylindrical form with all seams 
electrically welded. Eight steel lifters, 12 in. by 
12 in. by 9 ft —4 in. long are equally spaced and 
welded to the inside of the shell. The lifters in each 
section are staggered with respect to the preceding 
section. Eight spiral lifters are provided in the 
initial section to aid the flow of material into the 
dryer. The dryer rotates on two floating tires, 
148 in. diam with a 10-in. face width. The tires are 
supported on 24-in. diam rollers. Both tires and 
rollers are made from cast Meehanite. Two 23-in. 
diam thrust rollers are provided with each roller 
designed to take the full thrust of the dryer, but 
under proper alignment the thrust load is on the 
lower thrust roller. 
3) Drive: The drive consists of a 150 hp, 1200 rpm 
motor coupled to a Western speed reducer which has 
a 19.2-in. diam forged steel pinion mounted on the 
low speed shaft. The pinion drives a 171.2-in. diam 
Meehanite ring gear with 10-in. face. 
4) Dryer Discharge Housing (Parallel Flow): A 1/4- 
in. steel plate hood, complete with a labyrinth type 
air seal, discharge flange, and exhaust gas connec- 
tion was provided. 
5) Dryer Burner: A 70 million btu per hr Coen com- 
bustion chamber and burner is used to fire the 
dryer. This is a high heat release-type combus- 
tion chamber with the tempering air induced through 
a concentric ring around the exterior of the com- 
bustion chamber. 
6) Wet Dust Collectors: Two American air filters, 
size 45, Type W, rated at 47,500 cfm each, are em- 
ployed to collect the dust from the dryer exhaust 
gases. 

Operating data are given in Table I. 

The dryer efficiency appears so high because of 
further evaporation of moisture from the dryer dis- 
charge as it is conveyed back to the crushing plant, 


Table I. Operating Data for the Period Apr. 1, 1960 
to Dec. 31, 1960 


1) Feed rate 
2) Size of feed 


170 to 185 tph 
—2 in. 


3) Temperature of gases to dryer 1120°F 

4) Temperature of gases from dryer 240°F 

5) Product discharge temperature TIS 

6) Retention time of material 12 min 

7) Wet tons ore feed to dryer 303,072 

8) Initial moisture content 13.5 pct wet wt 
9) Dry tons of feed 262,158 

10) Final moisture content at ore silos 6:0 pct wet wt 
11) Total water in dryer feed, tons 40,914 
12) Total water in dryer discharge, tons 16,733 

13) Water evaporated, tons 24,181 

Water evaporated, pounds 48,362,000 

14) Gas consumed, standard cubic feet 69,278,600 


15) Gas consumed per pound water 
evaporated, cubic feet 1.43 
16) Apparent drying efficiency 68 pct, approximate 


= 


over the secondary screens, through the sampling 
plant and on to the fine ore silos. It is estimated 
that some 10 pct of the remaining moisture content 
of the ore is removed by this operation, which 
would reduce the dryer efficiency to the range of 
62 to 63 pct. This is about normal for such installa- 
tions. 

Operating costs are given in Table II. 


SUMMARY 


The advantages of the natural drying system over 
gas-fired rotary drying are: 1) no capital invest- 
ment; 2) lower operating costs—in the costs cited 
in Table II, this is $0.10 per ton; and 3) saving on 
haulage costs up to $0.10 per ton. 

The disadvantages of the natural drying system 
versus the gas-fired drying system are: 1) a tie-up 
of ore inventory for approximately 30 to 40 days with 
added interest costs; 2) some initial dilution of ore 
caused by grading on the natural ground surface; 
and 3) less mill operating flexibility, as the mill 
without drying facilities is completely dependent 
upon receiving ores which can be handled by their 
designed crushing and sampling plants. When the 
moisture content exceeds 8 to9 pct these plants are 
in serious trouble, if forced to use the wet ore to 
maintain tonnage. 

In general, the carbonate process mills of the 


Table Il. Operating Costs for the Period Apr. 1, 1960 
to Dec. 31, 1960 


$ per Ton Water Pct of 

Item $ per Dry Ton Evaporated Cost 
Labor, operating 0.037 0.400 16.0 
maintenance 0.028 0.302 12.0 
Supplies, operating 0.007 0.079 3.0 
maintenance 0.023 0.248 10.0 
Other, incl. power 0.023 OF253) 11.0 
Fuel 0.109 48.0 
Total 0.227 2.459 100.0 


Ambrosia Lake area that are hungry for ore, be- 
cause of the inability of mining operations (or the 
financial considerations on captive ores) to produce 
a sufficient quantity of ore for natural drying prior 
to mill delivery, are employing mechanical drying 
at the mill site. This situation has existed for better 
than 2 1/2 years and undoubtedly will continue dur- 
ing the immediate future. 
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TWO YEARS’ MILLING AT BICROFT 


URANIUM MINES LTD. 


By 1959 the milling plant of Bicroft Uranium Mines Ltd. had been in operation 
for two years. During this time many changes, both physical and chemical, 
had been made in an effort to improve plant efficiency. Investigational work 
had been facilitated greatly by the fact that the Bicroft mill consists to a large 
extent of two parallel circuits; however, the number of interrelated variables 
is great, and it is difficult to measure, let alone control, all of them simul- 
taneously. The Bicroft mill staff feels that much progress has been made, 

but there is much yet to be done and many questions still to be answered. 

The Addendum outlines noteworthy developments to the fall of 1960. 


Tr property of Bicroft Uranium Mines is located 
in Cardiff Township in the Highlands of Haliburton 
County, southeastern Ontario, some 140 miles north- 
east of the city of Toronto and 70 miles due north of 
Lake Ontario. The ore-bearing dikes are classed as 
mafic, nonsegregated, syenite and granite pegma- 
tites. Microline, microline perthite, quartz, sodic 
plagioclase, and pyroxene or biotite are the main 
constituents with uraninite, uranothorite, fluorite, 
titanite, cryolite, calcite, pyrite, pyrrhotite, and 
molybdenite as important accessories. 

The mill was designed for a nominal capacity of 
1000 tpd with all sections except grinding, leaching, 
and clarification capable of 1500 tons. Feed was 
entered to one mill unit on Oct. 29, 1956, and to the 
second parallel line on November 13. The total feed 
rate was at 1000 tpd on November 15. The first 
precipitate was produced on November 12. By 
August 1958 the average entry had been increased 
to 1410 tpd without the installation of any additional 
major equipment. The overall recovery has been 
greater than 93.0 pct on several months, but a re- 
covery of 92.5 pct appears to be most economical. 
Operating time for eight months in 1958 has been 
97.1 pct although all grinding mills were relined 
during this period. 

A generalized flowsheet is shown in Fig. 1 and 
the plant layout in Fig. 2. The ore is crushed in 
three stages to —3/8-in. and then is wet ground in 
two stages to approximately 50 pct -200 mesh. The 
pulp is thickened to 68 pct solids and agitated by air 
for 33 hr at a pH of 1.9 as maintained by the addition 
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DENGLER is Assistant Mill Superintendent, and |. C. 
EDWARDS is Chief Metallurgist, Bicroft Uranium Mines 
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17, 1959. San Francisco Meeting, February 1959. Dis- 
cussion of this paper, submitted in duplicate prior to July 
ua se will appear in AIME Transactions (Mining), 1962, 
vol. 223. 
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of 93 pct sulfuric acid. Separation of the uranium- 
bearing pregnant liquor from the residue is accom- 
plished by five-stage countercurrent decantation 
(CCD), following which the liquor is clarified for 
removal of fine slimes. The clarified liquor is 
treated in the ion exchange equipment in which both 
the upgrading of the solution and the removal of 
some impurities is accomplished. Addition of mag- 
nesia to the high-grade eluate from ion exchange 
precipitates the uranium as sodium- magnesium 
diuranate. After being filtered and dried this 
precipitate is packaged in drums for shipment. 

The residue from CCD and the barren solution 
from ion exchange are neutralized by the addition 
of lime and pumped to the tailings disposal area. 


CRUSHING 


All crushing is done on surface in a conventional 
three-stage unit consisting of a 36x48-in. Birdsboro 
Buchanan jaw crusher, a 4 1/4-ft standard Symons 
cone crusher, and a 4-ft Symons shorthead. Both the 
two primary and the two secondary screens are 4X 
8-ft Symons rod decks. Moisture content of the feed 
ranges from 3 to 4 pct. 

In the initial installation the primary screens 
were equipped with 5/16-in. rods at 1 1/4-in. spac- 
ing and the secondaries with 5/16-in. rods at 1/2-in. 
spacing. With this arrangement the average crush- 
ing rate was better than 180 tph. To reduce the 
work required of the grinding circuit as tonnage was 
increased, several changes were made in the crush- 
ing circuit. By September 1957, both secondary 
screens had been reduced to 3/8-in. spacing, and 
rod size had been reduced to 3/16-in. to provide in- 
creased open area. Average throughput was reduced 
to 160 tph. Later, 50 pct of one primary screen was 
decreased to 1/2-in. opening to better balance the 
load between the two cone crushers. In May 1958, 
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Fig. 1—Bicroft Ura- 
nium. Mines Ltd. gen- 
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25 pet of the secondary screen area was converted 
to 5/16-in. opening and crushing rate was further 
reduced to 135 tph. The jaw crusher setting has 
been 4-in. throughout the period. 

Crushing life of the medium-type manganese steel 
bowl liner and mantle on the 4-ft shorthead was 
342,500 tons on the first set and 212,000 tons on the 
second. The original set of wearing parts on the 
standard cone handled 528,900 tons. 

One unusual feature of the Bicroft mill is that 
pebbles screened from regular mine ore are used 
as media in the secondary grinding mills. The 
fourth panel on both primary screens is a perforated 
plate with 3-in. square openings. The -3 + 1 1/4-in. 


Fig. 2—Aervial view of 
the Bicroft mill from 
the southeast. 


material can be directed to pebble storage or com- 
bined with the screen oversize as feed to the sec- 
ondary crusher. Sufficient pebbles can be made in 
one quarter to one half of the total crushing time. 


ORE SORTING 


A recent innovation at Bicroft has been the me- 
chanical sorting of coarse waste from the jaw 
crusher discharge. A study of various crusher 
products revealed that a high proportion of the + 3- 
in. material in the jaw crusher discharge contained 
extremely low values in uranium. In January 1958, 
two of the Bicroft staff members, L. Kelly, chief 
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geologist, and J. Hutter, chief engineer, decided to 
endeavor to design a machine which would economi- 
cally sort out this low grade material. That they 
were eminently successful in this project can be 
judged from the fact that the first production model 
K and H electronic sorter was put into routine 
service at the Bicroft plant in September 1958. 
Development of the highly efficient electronic con- 
trol unit was the work of Electronic Associates Ltd., 
Toronto. The method and the apparatus are protec- 
ted by patents pending in 18 countries. 

Basically the sorting is done during the free fall 
from a conveyor belt discharge. The pieces, one by 
one, drop past a scintillation counter which mea- 
sures the radioactivity of each individual piece and 
determines electronically whether the piece is ore 
or waste compared to a pre-set and variable cut-off 
point. This information is stored in an electronic 
brain for the fraction of a second that it takes the 
piece of rock to fall 18 in. to a point opposite three 
air jets. If the piece is waste, a blast of air from 
these jets forces the rock out of its natural trajec- 
tory so that it falls into the waste chute. Ore pieces 
are allowed to fall unhindered into the ore chute for 
return to the secondary crusher. In the event of 
failure of the equipment all rocks will fall to the ore 
chute, thereby preventing loss of uranium. 

For accurate sorting it is necessary that pieces 
present themselves individually before the scintilla- 
tion counter and before the air jets. However, for 
economical reasons it is important that the pieces of 
rock be fed as rapidly as possible to the sorting 
device. This problem has been overcome in a novel 
manner. After washing to remove fines clinging to 
the rocks, the pieces are fed to a rotating conical 
disk which lines up the pieces individually and dis- 
charges them onto a conveyor belt travelling at 
180 fpm. On this belt the pieces are in single file 
and touching one another, but as they discharge over 
the head pulley acceleration due to gravity separates 
them so that they may be measured and sorted as 
individual units. With 3-in. pieces 12 rocks per sec 
can pass the jets; but since the jets are capable of 
60 blasts per sec, smaller rock pieces could be 
sorted at a more rapid rate. On the +3-in. material 
being sorted at Bicroft, 20 tph is being sorted suc- 
cessfully. 

Approximately 16 pct of the mill feed is in this 
+3-in. size range with a grade of 0.03 pct U3O,. Of 
this, 65 pct is rejectable at an average grade of 
0.011 pct UsO,; the remainder is upgraded to the 
0.06 to 0.08 pct U30, range. One sorting unit is cur- 
rently handling 12 pct of the mill feed, and the addi- 
tion of the second unit now under construction will 
make it possible to sort all the +3-in. material. The 
fines from the washing plant contain considerable 
uranium and are pumped to the classifier circuit in 
the mill. 


GRINDING 


The mill consists of two parallel and identical 
circuits from grinding through to and including the 
CCD thickeners. Thereafter the plant is operated 
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Fig. 3—Grinding bay. 


as a single unit, although in some circuits the flow 
is split between two lines of equipment. (For a view 
of the grinding bay, see Fig. 3.) 

Each grinding unit comprises a 6X 8-ft Hardinge 
rod mill discharging into a 5x26-ft Dorr double rake 
classifier which is in closed circuit with a 9x11-ft 
Hardinge grate-discharge pebble mill. Motors driv- 
ing the rod mill and pebble mill are 100 and 250 hp, 
respectively. 

With the present fine feed each unit has handled 
up to 750 tpd, grinding to 49 pct -200 mesh and less 
than 8 pct +65 mesh. A complete representative 
screen analysis and summary of pulp densities is 
shown in Table I. 

Consumption of grinding rods has averaged 0.80 lb 
per ton of plant feed. Normal make-up has been with 
3-in. diam rods, but as the rod mill feed became 
finer it was considered that smaller rods might 
possibly be more effective. Since June 1958 make- 
up on one line has been with 2 1/2-in. diam rods. 
With the smaller rods the +65-mesh fraction of 
classifier overflow has averaged 6.5 pct compared 
to 8.2 pct with the 3-in. rods, and there has also 
been a slight increase in the —200- mesh fraction. 

Pebble requirements since start-up have averaged 
2.9 pct of the total entry. For a short test period in 
the summer of 1957 the pebble size was reduced to 
-2 3/4 + 1 1/4-in. but grinding capacity seemed to 
suffer. In the Bicroft installation pebbles and fine 
ore are transported to the storage area on the same 
conveyor and there separated by scalping screen 
into the respective bins. A clean separation is neces- 
sary, since the inclusion of +4-mesh particles in the 
pebbles causes a build-up of middling sized par- 
ticles in the mill load and grinding efficiency is 
reduced. 

Pebbles are automatically added at regular inter- 
vals by a weighing and feeding apparatus; the size of 
the batch and the intervals between additions can be 
altered by the operator to meet the requirements of 
the mills. The normal interval between pebble addi- 
tions is 12 min. Maximum-demand watt meters in- 
stalled on each mill assist the operator to main- 
tain the mills at peak efficiency. 

The use of run-of-ore pebbles as a grinding media 
has several advantages over steel balls. Not only is 


Table I. Screen Analyses, July 22, 1958* 


Rod Mill Feed Rod Mill Discharge 


Classifier Sands 


Pebble Mill Discharge 


Classifier Overflow 


Size Range Pct Pct Cumulative Pct Pct Cumulative Pct Pct Cumulative Pct Pct Cumulative Pct Pct Cumulative 
+¥% in. 1.8 
+ 3 mesh 23.6 25.4 
+4 mesh 9.7 
+ 8 mesh 16.0 Sit 
+ 10 mesh 6.3 57.4 0.9 0.8 
+ 14 mesh 6.1 63.5 sks) 4.2 Ades. 333 
+ 20 mesh 5.8 69.3 Ties} bez 6.1 9.4 0.4 
+ 28 mesh 4.7 74.0 9.8 25 8.5 17.9 0.9 les} 
+ 35 mesh 4.9 78.9 as 34.2 11.6 29.5 2.2 35 
+ 48 mesh 4.1 83.0 1G ys 45.9 SEs 43.2 5.6 9.1 1.4 
+ 65 mesh 3.7 86.7 10.8 56.7 15.4 58.6 11.9 Ziz0 6.0 7.4 
+ 100 mesh 3.6 90.3 10.9 67.6 16.4 75.0 20.4 41.4 13.9 21.3 
+ 150 mesh 22 92.5 7.1 74.7 9.0 84.0 14.1 55:5 Ba 34.4 
+ 200 mesh pea | 94.6 tes 81.8 6.6 90.6 14.7 70.2 1555 49.0 
— 200 mesh 5.4 100.0 18.2 100.0 9.4 100.0 29.8 100.0 50.1 100.0 
Pct Solids 79 66 33 


*Plant entry was 1477 tons; circulating load, 2120 tons. 


there a saving in the cost of grinding steel estimated 
at 16¢ per ton, but reagent consumption in the leach- 
ing step is also reduced because of the lower quan- 
tity of metallic iron in the leach feed. Another fac- 
tor is that crushing plant capacity is increased by 
almost 3 pct by the removal of these pebbles. 

The rod mill shell liners are of Ni-hard with a 
modified Noranda-type profile and a maximum thick- 
ness of 4 1/4 in. The end liners are of nickel- 
chrome-molybdenum steel. No backing is used. 

The original sets of liners have just been removed 
after 22 months service during which each mill 
handled 395,000 tons of ore. 

The pebble mill shell and end liners are also Ni- 
hard with a thickness of 2 in. plus a 1-in. wave. The 
first two sets were of single offset wave design and 
had to be removed before being completely worn be- 
cause the mill shell was becoming grooved. When 
the liners get thin, pebble chips do not remain 
lodged between the liners. The present set is of the 
double wave design and the shell liners have been 
altered to reduce the length of the circumferential 
joints from 18 to 9 in. It is expected that these two 
changes will greatly increase liner life. The grate 
is of nickel-chrome-molybdenum steel, 2 1/2 in. 
thick, with slots 5/16 in. wide and tapering out- 
wards, and the screened area extends from the mill 
periphery to 26 in. from the center line. The pebble 
load is maintained at 5 to 8 in. above the center line 
and the maximum wear is at that portion of the grate 
28 to 32 in. from the center of the mill. In the first 
two sets in each mill, radial ribs along the face of 
the grate tapered from 1 1/2 in. high at the periph- 
ery to zero at the inner edge of the screen section. 
In the third sets these ribs were carried at full 


Table Il. Life of Pebble Mill Liners and Grates in Tons 
of Plant Entry 


No. of Sets Tons per Set, Average 
Shell Liners 4 163,200 
Grates 4 117,000 
2 182,300 


heighth for the full radius and the bolt heads were 
recessed more deeply. Fifty percent longer grate 
life resulted (see Table II) and in fact, there was no 
appreciable wear on the grate face until the ribs had 
practically disappeared. With the high load level, 
pebble action in the feed trunnion is quite severe and 
a Ni-hard liner has been substituted for the original 
Linatex-covered liner. 


LEACHING 


The pulp is thickened to 68 pct solids in 40-ft 
diam two-compartment thickeners prior to being 
pumped to the leaching circuit. The thickener over- 
flow is returned to the grinding solution tank. The 
pH of the thickener feed is adjusted to 6.8 by the 
addition of sulfuric acid; and 0.016 lb per ton of a 
1:1 mixture of polyacrylamide and 220-g glue is 
used to assist flocculation. 

The leaching circuit consists of two lines of four 
18 x 45-ft conical bottom wood-stave pachucas in 
series. Air at 45 psi is injected through a 1 1/2-in. 
pipe extending just 6 in. above the bottom of the 
tank. The air addition is 0.85 cfm per ton of solids, 
and no trouble has been experienced in keeping the 
pulp in suspension or in obtaining sufficient agita- 
tion. In the first two years of operation each pachuca 
has been drained just once for routine inspection of 
the tank and for replacement of the air-jet. In each 
pachuca the sands had built up to form a cone of 15° 
whereas the actual wood cone is 60°. Whether the 
period of service was 9 or 21 months there was no 
appreciable difference in the extent of the build-up 
but the thickness of hard scale on the surface of the 
build-up was greater with the longer period. The 
thickness of this scale also diminished from pri- 
mary to final pachuca. 

Originally pH was used as the main method of 
control of extraction, and equipment was installed 
to automatically control the sulfuric acid addition to 
maintain a fixed pH. However, considerable varia- 
tion occurred in extraction and in acid consumption 
from day to day, and experience has shown that ex- 
traction is not directly a function of pH. The ex- 
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traction appears to be related more closely to the 
amount of acid added than to any other factor. 
Accordingly, since January 1958, the leaching cir- 
cuit has been operated at a fixed rate of acid addi- 
tion per ton of ore. Approximately 65 pct of this 
acid is added to the primary pachuca and the re- 
mainder is distributed to the other three pachucas. 
The pH varies from 1.8 to 2.2, depending on the 
temperature. 

Optimum extraction is in the range between 93 
and 94.5 pct with the acid requirement varying over 
long cycles between 85 and 95 lb of 93 pct acid per 
ton of ore. If the acid addition is reduced the ex- 
traction falls off very rapidly; on the other hand, 
extractions as high as 96 pct have been attained but 
only at the expense of considerably more acid. In 
determining the optimum amount of acid, considera- 
tion is given to the cost of flocculants for CCD thick- 
ening and of lime for neutralization, since the con- 
sumption of these reagents is related to the amount 
of acid used. 

The leaching temperature varies from 24°C in the 
winter to 43°C in the summer. Temperature is not a 
critical factor as far as efficiency of extraction is 
concerned although it does affect the rate of reaction 
and other factors. 

At low temperatures the extraction rate is de- 
creased but retention time, which averages approxi- 
mately 33 hr, is adequate to ensure satisfactory ex- 
traction. Several plant tests taken while leaching 
temperatures were in the 23° to 28°C range showed 
an average extraction in the fourth pachuca of 1.3 
pct; similar tests at higher temperatures indicated 
only 0.4 pct extraction in the last stage. 

The ore will react readily with large amounts of 
acid so it is impossible to maintain high free acid- 
ity. Normal free acidity is between 1 and 3 gpl, and 
is lowest when the leaching temperature is high. 
While the extraction has not been definitely related 
to the free acidity, it is known that a certain mini- 
mum free acidity, which varies between 1 and 1.5 
gpl, depending on the temperature, is required for 
satisfactory extraction. Perhaps free acidity could 
be used to control the acid addition if there was a 
satisfactory method of continuously measuring it. 

Sodium chlorate is added to the second pachuca as 
a 25 pct solution at a rate of 1.75 lb per ton of ore. 
Test work has shown that 1.5 lb per ton is sufficient 
to provide an oxidant for uranium extraction; the 
additional amount is added to assist in polythionate 
control. 

In the summer months when leaching temperatures 
are 40°C, polythionates form to the extent of 0.02 to 
0.04 gpl (as NazS,O,) in each pachuca excepting the 
one where the chlorate is added. In this case the 
polythionate is held to a level equal to or less than 
that in the previous pachuca, due to the dissolution 
of part of the polythionate by the chlorate. Despite 
this, in the summer the final pachuca discharge con- 
tains about 0.10 to 0.14 gpl of polythionate. In the 
winter when the temperature is lower and the free 
acidity is higher, there is much less polythionate 
formed, and the final pachuca discharge assays 0.02 
to 0.04 gpl. 
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The point of addition of the sodium chlorate also 
would appear to have some effect upon the poly- 
thionate formation. During a prolonged plant test— 
May and June 1957—addition of chlorate to the 
second and later to the third pachuca in one line 
resulted in reductions of 20 and 35 pct, respectively, 
in the polythionate content of the final liquor com- 
pared to that in the other line where the chlorate 
was added to the primary pachuca. In a more recent 
study, addition of chlorate to the second as opposed 
to the primary pachuca resulted in a definite but 
much less pronounced reduction in the polythionate 
content of the final liquor. Because there has been 
some evidence of a reduction in extraction if the 
chlorate is added too late, standard procedure has 
been to add this reagent to the second pachuca. 

The amount of iron dissolved in leaching is pro- 
portional to the acid consumption. Total iron in the 
fourth pachuca varies between 8 and 10 gpl while the 
ferric iron is in the range of 1.0 to 2.8 gpl. In 
summer, the extraction drops sharply if the ferric 
iron content falls below 1 gpl; in winter the minimum 
is about 2 gpl. A higher content of ferric iron does 
not necessarily result in better extraction. 

Addition of heat while maintaining constant normal 
acid addition did not improve extraction but did in- 
crease polythionate formation because of the the 
lower free acidity. 


COUNTERCURRENT DECANTATION 


Separation of the uranium-bearing liquor from the 
residue is achieved by five-stage CCD in two paral- 
lel lines. The 60x12-ft Dorr-type AA thickeners 
have two triangular rake arms fabricated of stain- 
less steel operating in wood stave tanks with rubber- 
covered discharge cones. The diaphragm pumps are 
Dorr-type 6WA with the surfaces exposed to the pulp 
being either stainless steel or rubber covered. This 
CCD circuit was located outside to reduce building 
expense but the diaphragm pumps and the thickener 
drive mechanisms are housed. Ice does form on the 
fourth and fifth stage thickeners during below-zero 
weather but normally presents no problem. Occa- 
sionally during prolonged cold spells some steam 


Fig. 4—Countercurrent decantation thickeners. 


Fig. 5—Precoat filters for clarification of pregnant 
liquor. 


has been added to limit ice formation and prevent 
chunks of ice from getting into the underflow piping. 
(See Fig. 4.) 

Weak acid wash is introduced to the feed of the 
fifth-stage thickener, and at maximum tonnage is 
limited by existing clarification and tailings dis- 
posal facilities to a 1.85:1 ratio of wash solution 
to solids. Normal CCD wash efficiency averages 
98.7 pct but it has been as high as 99.2 pct whena 
wash ratio of 2.05:1 was possible. 

The density of the underflow of each thickener has 
of course an important bearing upon the wash effi- 
ciency. The average density has been increased from 
53 pct solids in the early months to 59.0 pct solids, 
and on some thickeners densities of 61 pct are main- 
tained. The improvement is due in part to operating 
technique but also to certain changes which have 
been made. 

In the initial installation both pulp and solution 
were fed to a mixing box located 15 ft from the 
center of the thickener and then directed by sub- 
merged launder to a point about 6 ft from the center 
of the thickener. This arrangement allowed for 
easy gravity flow both for normal operation and for 
recirculation, and also provided the thorough mixing 
of pulp and solution which was considered necessary 
for maximum operating efficiency (see Fig. 6). !How- 
ever, due to the physical characteristics of the pulp, 
cyclic variations occurred in the discharge density, 
and plugging of the thickener discharge was frequent 
when high average densities were attempted. 

Increasing the rake speed to 7.6 and later to 6.4 
min per revolution greatly reduced this variation. 
Then, in the summer of 1957, the primary and final 
stage thickeners were changed to center feed re- 
sulting in a slight improvement in density, and in the 
case of the primary thickeners, which are fed by 
gravity flow from the pachucas, in a marked re- 
duction in the frequency of thickener overloads. The 
overflow from the No. 2 thickeners is air-lifted to 
discharge into the pulp launder feeding the primary 
thickeners. In two more thickeners the pulp is now 
fed at the center but as yet the solution still goes to 


the offset feedwell, pending the installation of air- 
lifts. The improvement in density in these cases has 
been less pronounced—perhaps indicating the neces- 
sity of thorough mixing of pulp and solution. To 
allow center feed, the slope of the pulp launder has 
had to be reduced to 1 in. per ft; this has proven 
sufficient for summer operation but dilution with the 
solution is necessary to ensure proper flow during 
the winter months. 

In October 1957, the 4A pump was moved to a new 
location such that the horizontal suction line was 
shortened from 65 to 33 ft (Fig. 6), and an immediate 
improvement of 1.5 pct solids was gained in the 
underflow density. Moreover, there was much less 
wear on pump valve stems and seats. Similar re- 
location of the 3A pump has not resulted in as great 
an improvement of the pulp density. In another 
attempt to improve pump overation, one diaphragm 
pump was lowered 4 ft with no change in the re- 
sulting pulp density. Pulp velocity in the pump suc- 
tion lines has also received some study. At present 
tonnage this velocity is 1.4 fps. At an earlier stage, 
when plant throughput was lower, pipe size was 
changed to increase the velocity from 1.3 to 2.9 fps 
but there was no noticeable effect upon the pulp den- 
sity which could be satisfactorily handled by the 
pump. 

The addition of flocculant is required to promote 
both thickening and fluidity of the pulp, and also clarity 
of the overflow. The flocculants in use at Bicroft are 
polyacrilamide and 220-¢g glue, and various combina- 
tions of these reagents have been tested over pro- 
longed periods. Sufficient polyacrilamide must be 
used to prevent sanding out of coarse particles, and 
this amount will settle out most of the slimes. How- 
ever, to obtain sufficient clarity the addition of glue 
has been found to be more effective than an in- 
crease in the amount of polyacrilamide. Normally 
the ratio of glue to polyacrilamide is 1.2:1 but in 
winter months the glue dosage may be doubled. 

Addition of polyacrilamide and glue has averaged 
0.12 and 0.19 lb per ton of feed, respectively, for a 
total cost of 18.5¢ per ton. General practice has 
been to add approximately 65 pct of this to the pri- 
mary thickener with the balance split equally among 
the other four stages. Commencing in September 
1958, however, the glue was eliminated from the 
flocculant addition to all thickeners except the pri- 
mary, thereby reducing the glue consumption by 35 
pet. During the first month no detrimental effects 
were observed. 

The flocculant mixture is fed to the offset feed- 
well mixer or to the feed launder as a 1/8 pct 
solution of the polyacrilamide. In the case of the 
primary thickeners it is stage-fed to three locations 
in the feed launder and to the feedwell. From a 
clarity point of view at least, this has proven more 
effective than bulk addition at a single point. Table 
III illustrates that proper location of the points of 
addition and adequate mixing are both quite im- 
portant. 

The stainless steel lower valve stems and seats 
of the diaphragm pumps wore very rapidly because 
of the combined effect of corrosion and abrasion, and 
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Table Ill. Showing the Effect upon Clarity of the Method of 
Adding Flocculant. Total Addition is Identical in All Cases 


Slime in Over- 


Flocculant Addition* flow, Ppm 
A Line B Line A B 
Launder Feedwell Launder Feedwell Line Line 
3 points None 3 points Flocculant 238 181 
added but 
not close 
to pulp 
stream 
3 points Flocculant 3 points as above 131 188 
added to 
pulp stream 
as it enters 
feedwell 
3 points as above 3 points changed to 144 147 


duplicate A 
line condi- 
tions 


*Note: In all:cases, the flocculant was added to the thickener feed 
launder at 3 points at 3-ft intervals about 40 ft from the feedwell. 


had to be removed every six weeks for building-up 
and refacing. As a result, the pumps were not 
operating at peak efficiency and maintenance was 
high. Some rubber-covered lower valve stems and 
seats were installed on a test basis in the summer 
of 1957 and are now standard on all the diaphragm 
pumps. These rubber-covered stems and seats are 
averaging five and eight months’ life, respectively. 


CLARIFICATION 


The pregnant solution, containing 100 to 200 ppm 
of fine slime, is clarified by two 8x16-ft Eimco pre- 
coat filters (Fig. 5) with stainless-steel valves and 
with rubber-covered drums operating at 55 pct sub- 
mergence. It is necessary to maintain a constant 
solution level in the boot in order to prevent con- 
traction and expansion of the precoat material, and 
this is accomplished by automatic control valves on 
the filter feed. The filter is dressed with a 2 1/2-in. 
coating of diatomaceous earth applied on an open 
weave polyethylene cloth. Under normal operating 
conditions this precoat will last 72 to 120 hr. The 
average flow rate through the two filters is 390Imp. 
gpm. 

Consumption of filter-aid varies from 0.35 to 0.65 
lb per ton of pregnant solution depending on the solu- 
tion temperature and on the suspended solids in the 
pregnant liquor. The solution temperature varies 
from 11° to 28°C. As an example of the effect of 
temperature on filter-aid consumption, for a con- 
stant CCD overflow clarity of 200 ppm of sus- 
pended solids the filter-aid consumption at 27°C 
is 0.41 lb per ton of solution and at 17°C it is 0.54 
lb per ton of solution. The higher consumption at 
lower temperatures may be due to a change in 
the nature of the slimes which results in deeper 
penetration, or it may be due to the taking of a 
deeper cut than is optimum in order to increase 
the filtering rate. Certainly the filtering rate is 
slower when the temperature drops and the viscosity 
increases. Versine has been found beneficial in 
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Fig. 6—Piping and launder layout at countercurrent 
thickener circuit. 


complexing the colloidal iron in the water which 
otherwise tends to blind the cloth during precoating. 
A portion of the slime in the CCD overflow settles 
in the pregnant surge tank and is periodically 
cleaned out and returned to the CCD feed. It has 
been proposed that this surge tank be converted to 
a reactor clarifier, and testwork indicates that this 
would result in savings both of flocculants, which 
are now added to the CCD for clarity purposes, and 
of filter aid. 


ION EXCHANGE 


Two sets of four fixed-bed ion exchange columns 
were supplied by the Permutit Co. of Canada. Col- 
umns are 8x14-ft and each column contains 225 cu 
ft of Amberlite IRA-400 resin with provision for 
385 cu ft. Water-dome operation is employed. 

By-pass flow rotameters are employed for flow- 
rate control on barren and backwash lines, and full 
flow rotameters are used on one line for elution. 
The second elution line is equipped with Fisher 
Governor level controls in open-orifice boxes. All 
barren and elution lines are equipped with open- 
orifice boxes for ready comparison with the re- 
corder charts. Orifice plates in the open boxes 
are made from stainless steel or, where chloride 
corrosion is a problem, from 1/4 in. PVC sheet. 

The control cubicle is built on the operating floor 
which is about 4 ft below the top of the columns. It 
is fully equipped for manual or automatic operation. 
Flow control instruments are by Fisher Porter and 
the operating valves on the columns are 3 and 4-in. 
British Saunders pneumatic type. 

There has been very little trouble with the plant 
either electrically or mechanically. Most of the type 
20 stainless steel components located in the lower 
part of the columns, where they are in contact with 
the brine solution, have corroded gradually and are 
being replaced with Hastelloy C or similar alloy. 

Originally the resin in the backwash was collected 
in a 9X14-ft wood stave tank with a gravel filter. 
This tank also served as a transfer point for other 
products, including ion exchange sumpage, and dif- 
ficulty was encountered in keeping the gravel clean. 
The backwash is now run into a large diameter 
settlement tank with the clear solution being re- 
turned to the unclarified pregnant tank. Periodically 
the resin and slimes in the bottom of the tank are 
cleaned out and treated in 12-in. by 20-ft elutriation 


column to recover the resin. The original backwash 
tank now serves as a settling tank for the ion ex- 
change sumpage, drier condensate, and filtrates 
from the second, third, and fourth-stage uranium 
precipitation filters. These products contain an 
appreciable amount of suspended uranium, most of 
which settles to the bottom of the tank and is peri- 
odically pumped directly to the precipitation circuit. 
The overflow solution is sent to the unclarified preg- 
nant tank. 

On the adsorption cycle, clarified pregnant is 
pumped to three columns in series at 170 to 200Imp. 
gpm on each line. Two-column adsorption is rarely 
practiced due to the short retention time. The 
operator checks the saturation on the lead column 
using an ammonium thiocyanate colorimetric method, 
and adsorption is cut off when the lead column efflu- 
ent reaches 95 pct of the pregnant feed grade. 
Breakthrough analyses are not necessary. When 
the lead column is loaded, it is normally flushed 
with 1.5 bed volumes of water, but this step is 
occasionally omitted if the plant is taxed for ca- 
pacity. 

The loaded column is then backwashed with warm 
water from the mine compressors atarate of 150Imp. 
gpm for 45 min. Backwashing after adsorption re- 
sults in elution of some uranium, and backwashing 
after elution has been proposed both to cut down on 
the amount of uranium recycled and to reduce the 
volume of liquor requiring clarification. Initial 
attempts at backwashing after elution resulted in 
the washing out of a fairly appreciable amount of 
fine resin and were abandoned due to the lack of an 
effective resin catchment system at that time. Now 
that the resin catchment system has been improved, 
backwash after elution is to be tried again. 

Uranium is eluted with 1.0 normal sodium chlo- 
ride solution acidified to 0.10 normal with 93 pct 
sulfuric acid. The first bed volume displacement is 
returned to the pregnant tank. Elution is then split 
evenly with nine bed volumes going to precipitation 
and the next nine to recycle storage. Recycle eluate 
is the influent for the first half of the elution. After 
precipitation the barren eluate is made up to orig- 
inal strength and is the influent for the second half 
of the elution. 

There is no continuous eluate bleed for sulfate 
control, but a batch of 15,000 gal is bled about once 
a month to keep the sulfate level at 120 gpl. Some 
gypsum has built up in the precipitation tanks, and 
some precipitates in the barren tanks from which it 
is removed regularly. 

A unique problem at Bicroft is caused by the build- 
up of fluoride in the eluate circuit. Ion exchange feed 
contains almost 1 gpl of fluoride, and a small amount 
of this is adsorbed and eluted with the uranium. On 
each precipitation cycle about 10 pct of the fluoride 
precipitates with the product, while the remainder 
builds up in the eluate closed circuit, resulting 
eventually in a product which would exceed refinery 
specifications. To control the fluoride, a batch of 
barren eluate is drawn off every few days and is 
agitated with slaked lime to a pH of 9.3, at which 
point the fluoride is almost completely precipitated 


as calcium fluoride. Eluate is recovered by de- 
cantation, with the precipitate going back to leaching 
for recovery of uranium values. This lime treat- 
ment also assists in sulfate control. 

During the early months of operation it was 
necessary to feed some unclarified liquor to ion 
exchange, resulting in a slime build-up in the col- 
umns and eventually in early breakthroughs and low 
loadings. Slimes were broken up by introducing 5 
pet caustic through the base of the columns and air 
lancing the resin for 3 or 4 hr, and were then re- 
moved by thorough backwashing. This treatment 
was fairly effective but it resulted in considerable 
breakage of the resin beads. 

Resin fouling has not been a serious problem ex- 
cepting for polythionate poisoning. The ashed con- 
stituents have normally amounted to less than 2 pct 
of the resin, of which about half is silica. The re- 
mainder is mostly thorium and fluoride, with a very 
minor percentage of iron and alumina. There has 
been no trouble with fungus growths. 

Polythionate poisoning of the resin has resulted at 
times in uranium loadings as low as 2 lb per cu ft of 
resin. The polythionate can be removed by treating 
the resin in place with 5 pct caustic, but this re- 
sults in only temporary relief if there is any appre- 
ciable concentration of polythionate in the ion ex- 
change feed. Indications are that uranium loadings 
drop off when the concentration of polythionate in the 
ion exchange feed exceeds 0.01 gpl. At Bicroft the 
polythionate content of the ion exchange feed ranges 
from 0.01 to 0.03 gpl, but is not necessarily propor- 
tional to that formed in leaching. The polythionate 
formed in leaching is highest during the summer 
when temperatures are high; paradoxically, at this 
same time the polythionate in the ion exchange feed 
is at the low point of its range. Apparently most of 
this polythionate is destroyed between the leaching 
and ion exchange circuits by free sodium chlorate 
carried over from the leaching circuit, for it is 
known that the sodium chlorate does not completely 
react in the leachers in the summer months when 
the free acidity is low. Presently experimental work 
is under way to determine whether it is practical to 
add some sodium chlorate or other oxidizing agent 
to the final pachuca or to the leaching circuit dis- 
charge in order to destroy the polythionate more 
completely. 

Only a portion of the silica on the resin is re- 
moved by the caustic treatment. The remainder 
appears to be present as fine particles of gangue or 
filter-aid bound together by some matrix. Caustic 
treatment loosens most of this silica, which is re- 
moved by backwashing. 

Some thorium precipitates out as a white precipi- 
tate of thorium fluoride (ThF.) which adheres to the 
broken resin faces. Fortunately this is removed by 
the normal regeneration process employed for poly- 
thionate removal. As the caustic solution is passed 
through the resin the thorium fluoride is broken 
down and the fluoride dissolves as sodium fluoride. 
The thorium is converted to the hydroxide which is 
still insoluble. Following the causticizing, 1 mol 
sulfuric acid is passed through the resin and the 
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thorium hydroxide is converted to the soluble sul- 
fate. Typical ion exchange conditions are given in 
Table IV. 


PRECIPITATION 


Precipitation is run continuously in six wood- 
stave agitator tanks in series which provide a re- 
tention time of 10 hr. The precipitant used is MgO 
90, a granular magnesia produced by the Aluminum 
Co. of Canada and containing about 85 pct MgO. The 
magnesia is ground in a 30X54-in. Marcy ball mill, 
and the mill discharges to a simple cone-type clas- 
sifier which returns coarse particles for regrinding. 
A finely ground, partially slaked product is obtained. 
This magnesia slurry is fed to the first one or two 
precipitation tanks only, with the pH being adjusted 
in these tanks such as to attain a pH of 7.0 to 7.5 in 
the last tank. 

Magnesia is fed from a Dengler-Scott slurry 
feeder which operates on a splitter principle, di- 
recting a very small flow of magnesia to the circuit 
from a large flow recirculating through a pump. 
This recirculation is essential, since magnesia 
plugs the piping if a high flow rate is not maintained. 
The magnesia feed rate is controlled automatically 
to maintain the required pH. 


URANIUM PRODUCT THICKENING 
AND FILTERING 


The discharge from the final precipitation tank 
overflows to a 20 12-ft wood-stave thickener 
equipped with a deep feed well and with a mechan- 
ism which is rubber-covered where in contact with 
solution. 

Little difficulty is experienced in thickening to 
25 pct solids with a clear overflow. A very small 
quantity of plant flocculant is sometimes added to 
aid in settling. 

The thickened slurry goes to four 6x 6-ft Eimco 
rubber-covered, wood-deck drum filters operated in 
series. The first three filters are equipped with 
stainless steel paddle repulpers. Water is added to 
all repulpers and as a spray wash to all except the 
fourth filter. Washing is sufficient to reduce the 
chloride content of the final product to 0.02 pct. 

Thickener overflow and filtrate from the first 
filter are utilized for fresh eluate make-up. Filtrate 
from the other three filters is returned to unclar- 
ified pregnant solution after removal of suspended 
uranium in the ion exchange settling tank. 


DRYING AND PACKAGING 


Cake from the filter at approximately 50 pct 
moisture is discharged into two Bartlett and Snow 
10-ft diam steam-jacketed batch dryers with re- 
volving plow arms. Batches of 1500 to 2000 lb of 
product containing less than 5 pct moisture are ob- 
tained in 6 to 8 hr. The product is then elevated by 
vacuum to a cyclone separator mounted on a storage 
bin with a secondary bag-filter separator to collect 
the fine dust. Dust and vapor from the dryers is 
passed through a water spray condensor, and the 
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Table IV. Typical lon Exchange Conditions 


pH pregnant liquor 1.9 
U,0O, analysis, pregnant liquor 0.5 gpl 
high grade eluate 5.0 gpl 
recycle eluate 0.3 gpl 
barren eluate 0.04 gpl 
Retention time, adsorption 3 min 
elution 10 min 
Ion exchange recovery 99.8 pct 


Maximum U,O, loading 3.5 1b per cu ft 


condensate is returned to unclarified pregnant liquor 
after removal of suspended uranium in the ion ex- 
change settling tank. 

Product from the storage bin is fed through a 
closed system to the barrel packer. The bulk density 
of the product ranges from 110 to 130 lb per cu ft. 


TAILINGS NEUTRALIZATION 


The Bicroft plant is located in a summer resort 
area, and consequently great care must be taken that 
tailings are satisfactorily impounded, with the over- 
flow free of slime and neutralized so as not to con- 
taminate the watershed into which it drains. 

The tailings are neutralized to a pH of 8.0 by the 
addition of slaked lime and this will precipitate out 
soluble impurities such as iron, etc. An average of 
40 lb of high-grade quick-lime is required per ton 
of plant feed. Two 8X6 SRL C pumps in series then 
elevate the combined pulp 98 ft in 3000 ft of 10-in. 
wood-stave pipe to the disposal area. Slimes settle 
readily and are no problem. 

Current practice is to neutralize the barren solu- 
tion from ion exchange to a pH of 8.7 in a series of 
air-agitated tanks which provide a retention time of 
120 min. The untreated pulp from the CCD thick- 
eners is combined with the neutralized solution in 
the two-compartment tailings pump box. 

From the commencement of operations until early 
1958, the deposition of calcium sulfate on the wall of 
the tailings pipe-line was a major problem. It was 
soon realized that lack of sufficient retention time 
for neutralization, and particularly for neutralization 
of the barren solution, was one of the chief causes of 
this sulfate deposition in the tailings line. However, 
there was uncertainty as to the minimum retention 
time required to prevent this deposition and more- 
over, during this period there was an almost con- 
tinuous increase in plant throughput and in volume of 
barren solution. Accordingly, several changes and 
additions were made to the neutralization circuit be- 
fore this problem was resolved. 

In the initial installation, pulp and barren solution 
were neutralized together in two 12x 12-ft Dorr agi- 
tators in series. In February 1957 the 18x 20-ft 
barren solution surge tank was converted to an agi- 
tator by the installation of air-jets, and neutraliza- 
tion time for barren solution was thereby doubled. 

In September 1957, the Dorr agitators were replaced 
by two 12x 30-ft conical-bottom wood pachucas. 
Barren solution was then neutralized in one pachuca 
and the surge agitator, operated in series, and the 
CCD pulp was neutralized separately in the other 
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Table V. Reagent Consumption, Lb per Ton of Plant Feed 


Grinding rods 0.80 
Sulfuric acid 95.5 

Sodium chlorate 1:79 
Burnt lime 38.6 

Rock salt 3:02 
Magnesia 1.65 
Filter aid 1.05 
Polyacrilamide flocculant 0.14 
Glue 0.20 


pachuca. Since July 1958 all three tanks have been 
utilized for the neutralization of barren solution, and 
the acidic pulp has been merely mixed with this neu- 
tralized solution in the tailings pump box. Since this 
last change, there has been no deposition of sulfate 
in the tailings pipe line. 

In the neutralization of Bicroft tailings to a pH 
of 7.5 to 8.5, the following facts have been observed: 

1) Deposition of calcium sulfate occurs on tank 
walls and in launders and pipelines during neutral- 
ization of barren solution from ion exchange. This 
sulfate deposition is complete after 90 to 100 min 
of agitation. 

2) No similar deposition of sulfate occurs during 
the separate neutralization of the acid pulp from 
CCD. It is questionable whether this lack of de- 
position can be attributed entirely to the abrasive 
action of the pulp, since sulfate scale did form when 
pulp and solution were neutralized together. 

Removal of the sulfate scale from the tailings 
line was accomplished by several methods. Initially 
the line was broken into sections and reamed out 
with an auger, operated first by hand and later by an 
air-operated machine. A mechanical pig, equipped 
with spring-loaded wire brushes and forced through 
the line by a flow of water, was used successfully to 
remove the soft inner portion of the deposit. How- 
ever, the application had to be frequent because too 
heavy a deposit would stall the pig; there was also 
the danger that the pig would jam in the joints or 
bends of the wood-stave pipe. A more recent and 
quite successful practice was the injection of high 
pressure air into the line during the pumping of 
water or neutralized barren solution. If sufficiently 
prolonged this treatment cleaned the pipe quite well 
and had the added advantage of its simplicity. It 
might be stated here that the sulfate seems to de- 
posit as readily in steel pipe as in wood-stave pipe. 

Reagent consumption in pounds per ton of plant 
feed is given in Table V. Milling costs for the period 
January to June 1958 are given in Table VI. 


THORIUM 


Thorium is found in Bicroft ore to the extent of 
one to two parts of ThO, per part of U3;0,, and a por- 
tion of this thorium is dissolved in the leaching cir- 
cuit. Only 2 or 3 pct of the thorium in the pregnant 
liquor is removed in the ion exchange process, and 
accordingly the barren liquor contains considerable 
thorium in the dissolved state. 


Table VI. Milling Costs, January to June 1958 


$ per Ton Pct 

Operating labor 0.628 7a: 
Maintenance labor 0.219 6.0 
Major reagents* 1.606 43.9 
Operating supplies 0.480 jail 
Maintenance supplies 0.261 Ui 
Services** 0.468 12.8 
$3.662 100.0 


*Acid, sodium chlorate, and lime. 
**Power and electrical maintenance, heat, water, and air. 


A small-scale solvent extraction pilot plant was 
operated for four months during 1958 to provide data 
regarding the recovery of this thorium. Several 
products were produced ranging in grade from 25 to 
99 pct thorium oxide. Sufficient testwork and engi- 
neering work has been done to enable Bicroft to 
proceed immediately with the construction of a 
plant to produce any one of these products. 


ADDENDUM 


Authors’ Note, Sept. 28, 1960: In the 18 months since 
this paper was presented, there have been several 
noteworthy developments. The changes, which have 
been both metallurgical and mechanical, have re- 
sulted in improved recoveries and also in reduced 
costs despite an increase in wage rates. An overall 
recovery of 94 pct is now being maintained, and the 
average milling cost is $3.42 per ton of plant feed. 

The ore sorting plant handles all of the +3-in. 
material in the jaw crusher discharge, or 20 pct of 
the mill feed. Of this, 57 pct is discarded as waste. 

The change to double- wave design for the pebble 
mill shell and end liners resulted in a life of 235,000 
tons per set, a 50 pct improvement over the orig- 
inal single offset wave design. 

Since June 1959 there has been an increase in ex- 
traction which has not been accompanied by an in- 
crease in acid consumption. In fact acid consump- 
tion has actually been reduced. Currently extraction 
is 95.5 pct, and acid consumption in leaching is 80 to 
85 lb of 93 pct sulfuric acid per ton of ore. Retention 
time for leaching is maintained at just 30 hr; addi- 
tional time does not increase the extraction of ura- 
nium but it does favor the formation of polythionate 
which is undesirable. Approximately 25 pct of the 
sodium chlorate is added to the final pachuca to 
assist in polythionate control: the balance is fed to 
the second pachuca. 

For four months the wash efficiency in the coun- 
tercurrent decantation circuit has been maintained 
at 99.5 pct. A ratio of wash solution to solids of 
2.15:1.0 has been made possible by improved solu- 
tion handling facilities and by a slight reduction in 
plant throughput. Five of the ten diaphragm pumps 
have been moved to shorten the suction lines (Fig. 2), 
and the thickener underflow density averages 61 pct 
solids. This too has been a factor in the improved 
wash efficiency. The cost of flocculant for the CCD 
circuit has been reduced to 13.0¢ per ton. A 3:1 
mixture of glue: polyacrilamide is fed to the pri- 
mary and secondary thickeners, but polyacrilamide 


467 


alone is used in the other three stages. The floc- 
culant addition is carefully maintained through 
constant-flow feeders. 

Clarification efficiency has been improved con- 
siderably. Filter aid consumption is 0.84 lb per ton 
of entry, and the average precoat life is 130 to 160 
hr of operation. In part, the improvement is due to 
a reduction in the slime content of the CCD over- 
flow to the range of 70 to 120 ppm. However, of 
greater significance is the fact that penetration of 
slimes into the precoat is less deep when a par- 
ticular polyacrilamide is used in the flocculant for 
the CCD circuit, presumably because the slime 
particles form into larger flocs. 

One change in ion exchange operation has been the 
decrease in the acidity of the sodium chloride elut- 
ing solution from 1.0 to 0.6 normal. This has ef- 
fected a reduction in the consumption of both sul- 
furic acid and magnesia. To reduce salt-handling 
costs a storage lixator was installed in July 1959, 
and the dilution of the eluate by brine solution was 
balanced by increasing the displacement after back- 
wash from 1.0 to 1.3 bed volumes. This had the 
effect of controlling the sulfate level, and the peri- 
odic eluate bleed has been discontinued. Salt and 
magnesia consumptions are now 3.05 and 1.10 lb 
per ton of plant entry, respectively. A solution of 
5 pct caustic and 3 pct salt has proven to be more 
effective than caustic alone in the removal of poly- 
thionate and silica from the resin during the re- 
generation treatment. 

It has now been reasonably well established that 
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the destruction of the polythionate in the leach 
liquor which occurs during the summer months is 
the result not of free chlorate but rather of living 
organisms. This bacterial action commences when 
the temperature of the pregnant solution exceeds 
21°C. Regeneration of the resin is carried out 
regularly in June and December as soon as the poly- 
thionate content of the ion exchange feed becomes 
less than 0.01 gpl because of either the bacterial 
action or the lower winter leaching temperature. 
Maximum overall resin loading is thus obtained 
with a minimum of regenerative treatments. 


ACKNOWLEDGMENTS 


The authors wish to thank R. A. Bryce, president, 
the directors, and the management of Bicroft Ura- 
nium Mines Ltd. for permission to present this 
paper. They also express their gratitude to A. H. 
Ross and Assocs. for their assistance and useful sug- 
gestions in the investigations which have been con- 
ducted. The authors wish to acknowledge the con- 
tributions of E. Coltrinari, chief chemist, and of 
D. C. Smith, mill engineer, in compiling the test 
data. 


REFERENCES 


‘J. D. Bryce and J. M. Thompson: The Bicroft Operation, SME Paper 
5820PI, New York Meeting, February 1958. 

?R. J. Roach: Pebble Milling at Faraday Uranium Mines, SME Paper 
5817A13. 

°B. S. Crocker: Recent Developments in Pebble Milling, Transactions 
AIME, 1959, vol. 214, p. 527; MINING ENGINEERING, May 1959. 


BENEFICIATION OF CEMENT RAW MATERIALS 
BY DWIGHT- LLOYD PROCESSES 


The mechanics of the continuous sintering process are briefly reviewed and 
the application of this process for the beneficiation of principal minerals used 
in making cement is shown. Pilot plant tests using pyrobeneficiation tech- 
niques were conducted with mixtures of limestone and shale in various ratios. 
Results are illustrated and show the percentage removal of carbon, carbonates, 
sulfur, alkalies, and volatiles as a function of the limestone-shale ratio. Tests 
with varying quantities of solid fuels, added to mixtures containing limestone 
and shale ina 4 to 1 ratio, were made to attain optimum elimination of the 
volatile constituents. Experimental results show that 90 pct of these con- 
stituents were removed during the calcination sintering process. The ad- 
vantages of using the beneficiated material for making cement are discussed 
with regard to preparing, handling, and clinkering operations. A sintering 
process for treating raw materials or kiln waste products which contain high 
amounts of alkaline materials is described. Tests were performed with a high 
alkaline waste dust mixed ina 1 to 1 ratio with raw cement meal. The data 
from these tests and others using different halides for aiding alkali removal 
are evaluated by the alkali content of the cement clinker. Test results showed 
that the Dwight-Lloyd process could be applied with facility in beneficiating 
raw materials for cement making. Substantial quantities of deleterious vola- 
tile constituents were removed by calcining and sintering techniques. 


T: continuous sintering process has been applied 
for a number of years as a means of beneficiating 
minerals for subsequent conversion to merchantable 
products. The process was developed and first used 
for nonferrous metallurgical applications. However, 
it has risen to prominence for ferrous metallurgical 
applications where last year in the U.S. and Canada 
nearly 40 million tons of iron ore were treated by 
grate firing processes. Through the years of proc- 
ess development many investigators have realized 
the versatility of the sintering process and have 
directed experiments toward the use of it for appli- 
cations with nonmetallic minerals. These have in- 
cluded calcining limestone, carbonizing coal, ex- 
panding shale, and burning cement raw meal. Today 
commercial sintering plants produce cement clinker 
from mixtures of limestone and shale, lightweight 
aggregate from shale or clay, and calcined products 
from phosphate shale. 

The mechanics of the downdraft sintering process 
have been presented by many authors.’ * In general 
practice the materials to be agglomated are mixed 
as moistened fines with a solid fuel and this mixture 
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is spread uniformly on the grates of the sintering 
machine. The charge is then momentarily directed 
under an ignition furnace. After ignition a continuous 
downdraft of air promotes combustion of the fuel and 
through heat transfer particles become partially 
fused into a coherent mass. This is cooled from 
continued draft induced after combustion. Many in- 
vestigators have shown that distinct zones are 
formed during the process of sintering iron ores. At 
the midway point of the sintering process these are 
prominent and are, respectively, from the top of the 
bed to the bottom, comprised of a cooling zone of 
sintered material, a combustion zone of sinter 
formation, a calcination zone, a drying zone, and a 
zone of unreacted materials. Completion of sinter- 
ing occurs near the discharge end of the machine 
where the firing zone approaches either the grates 
or grate dressing material called hearth layer. Here 
the peak draft temperature usually can be noted in 
the windboxes. 

The zonal pattern has been illustrated with the 
use of graphs which show thermal gradients as they 
progress through the bed of materials during sinter- 
ing. Fig. 1 shows, in simplified form, thermal gradi- 
ents existing when clinkering cement on a sintering 
machine. The thermal gradients illustrated are for 
periods of initiation, midway and completion of the 
clinkering process. The occurrence of these zones 
has importance for the beneficiation of cement raw 
materials. 

A research program was performed at the Dwight- 
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Lloyd Research Laboratories to determine a means 
of beneficiating shale used as a constituent for the 
production of cement clinker. The program also in- 
cluded beneficiation of electrostatic precipitator 
dust which was obtained as a waste product from 
cement kilns. The shale contains hydrocarbons 
which can cause preignition and fires in the kilns 
and preheaters and thus prevent the kilns from at- 
taining maximum deSign capacity. The precipitator 
dust contains concentrations of undesirable com- 
pounds. The most objectionable of these are alkalies 
(Na,O and K,O). When the dust is recycled to the 
kiln feed, the alkali content of the clinker becomes 
excessive. Alkalies in the finished cement react with 
certain types of aggregate to cause the hardened 
concrete to expand and deteriorate.* 


BENEFICIATION OF SHALE 


Sintering would be an ideal method for benefici- 
ating the shale because of the heat zone patterns 
typical of the process. It was thought that a partial 
of the hydrocarbons in the shale would be volatilized 
and removed by the advancement of the zones of 
combustion and firing. The volatilization would take 
place without combustion of the hydrocarbons be- 
cause of the presence of temperature gradients and 


Table I. Analyses of Raw Materials 


Mixture of 50 Pet 
Raw Meal and 


Limestone, 50 Pct Precipita- 
Shale, Pct Pct tor Dust, Pct 

so, 6.95 753 
K,0 3.45 2.66 
Na,O 0.66 0.28 
Total as Na,O 2.93 2.03 
Loss on Ignition 17.70 41.06 19.95 
Total Carbon 9.50 11.82 - 

Carbonate Carbon 0.84 11.02 - 

Combustible Carbon 8.66 0.80 = 
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ted for periods of 
initiation, midway, 
and completion of 
clinkering process. 


the high draft velocities within the bed. It was also 
believed that through similar mechanisms removal 
of undesirable constituents such as alkalies might 
be accomplished. Chemical analysis of the shale is 
shown in Table I. 

Tests Using Various Shale- Limestone Mixtures: Ini- 
tially a series of bench scale tests was performed 
using a 1-sq-ft sintering pot. For these tests a 
sample of shale was crushed to 3/8 in., tumbled with 
small water additions in a nodulizing disk, and 
charged to the sintering pot. Normal ignition and 
firing techniques were used to Sinter the charge. 
The top bed portion of the product was an impervious, 
fused sinter cake. However, sintering could not be 
carried to completion because the excessively fused 
cake prevented passage of draft. The results of this 
series of tests showed that the hydrocarbons of the 
shale contributed more heat than that required for 
sintering and that a recycled returns load of about 
35 pct was required to dilute the contained fuel. 
Since a high recirculating load of returns appeared 
necessary for obtaining a desirable product, lime- 
stone would be Suitable as a charge diluent in place 
of returns. An added benefit of this system would 

be that a portion of the limestone feed for the kilns 
would be beneficiated through calcination. 

It was noted from these bench scale tests that the 
shale hydrocarbons were partially volatilized and 
formed a dense, opaque oil mist. Oil droplets from 
the mist collected in the housing of the fan and at 
points of abrupt changes in direction of the draft 
line. A brief study indicated that a packed tower 
might serve to collect the mist and recover the oil. 

A few additional tests were conducted in the 1-sq- 
ft pot which were sufficient to warrant pilot plant 
investigations using a 2x18 ft Dwight- Lloyd machine. 
The objectives of the investigations were to be: 

1) produce a loose free-flowing product which con- 
tains mimimum amounts of redisual carbon; 2) de- 
termine an optimum mixture of shale and limestone 
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Fig. 2—Diagram of shale calcination flowsheet. 


at which volatilization and calcination are maxi- 
mized; 3) determine removal of associated constitu- 
ents of the mixture such as carbon, carbonates, sul- 
fur, and alkalies; and 4) recover oil mist. 

The simplicity of the pilot-plant flowsheet used for 
this investigation is shown by the diagram in Fig. 2 
Shale and limestone crushed to —3/8 in. were fed out 
of individual proportioning bins in accordance with 
the predetermined ratio being studied. The two in- 
gredients were collected as stratified layers and 
transferred by a series of conveyors to a 7 1/2-ft 
nodulizing disk called Flying Saucer. In the Flying 
Saucer small additions of water were added to the 
tumbling mixture of shale and limestone to reduce 
dusting and promote nodulization of the fines. The 
nodulized mix was fed to the sintering machine 
where it was charged as an 18-in.-deep even layer 
on the grates. A gentle ignition was used to initiate 
combustion within the bed. Combustion was sus- 
tained with a downdraft air flow. The calcined prod- 
uct discharged from the sintering machine was 
collected, screened, crushed, sampled, and analyzed. 

The diagram of Fig. 2 shows that the draft system 
for the Dwight-Lloyd machine was comprised of two 
parts. The first half of the machine was used for 
firing the shale-limestone mixture, and the gases 
induced through the bed from this portion were 
passed through a wet scrubbing tower. This had an 
internal diameter of 5 ft and a 10-ft high scrubbing 
section packed with 3-in. ceramic saddles. Water 
was used as a scrubbing medium and was recircu- 
lated through a system of pipes and a railroad tank 
car which served as a reservoir. The second half of 
the machine was used for cooling, and the gases in- 
duced through this portion were directed through an 
orifice type dust collector to the stack. The exit 
gases from the scrubbing tower joined the cooling 
gases at the dust collector inlet. 

A series of tests were conducted which included 
using burdens comprised of 60, 67, 75, and 100 pct 


Table Il. Conditions of Operation and Test Results 
With Various Shale-Limestone Mixtures 


Charge Composition (Natural Basis) 


Shale, pct 59.16 67.27 74.70 100.00 
Limestone, pct 40.84 32.73 25.30 0.00 
Feed rate, lb/hr 6,018 5,940 8,527 6,084 
Processing Conditions 

Burden moisture, pct 6.1 6.5 8.4 6.9 
Flow rate, cfm per sq ft 

(STP) 176 169 185 192 
Vacuum, in. H,O 17.4 19.4 yf 16.8 

Product An&lyses 

SO,, pet 4.01 4.14 4.11 5.03 
K,0O, pct 2.85 2.93 3.48 
Na,O, pct 0.49 0.50 0.53 0.57 
Loss on Ignition, pct 10.79 4.57 4.75 8.72 
Total Carbon, pct 0.66 0.68 1.10 3.64 
Carbonate Carbon, pct 0.54 0.44 0.77 0.37 
Combustible Carbon, pct 0.17 0.24 0.33 3.27 


shale. In each case the remainder of the burden was 
limestone. A feed rate of approximately 6000 lb per 
hr was used for each test except the one using the 
75 pet shale burden. 

The results of the tests were evaluated by the ef- 
fective beneficiation of the raw materials, including 
the percentage removal of certain chemical con- 
stituents during the calcination process and the 
structure of product. The constituents considered 
were loss on ignition (LOI), sulfur (SO,), alkalies 
(NazO and and carbon. The considerations for 
carbon removal were subdivided into total carbon, 
combustible carbon, and carbonate carbon. Ag- 
glomeration of the raw materials was not desirable. 
The objective was to make a product which con- 
tained minimum amounts of +3/8-in. material be- 
cause a loose free-flowing product lowers subse- 
quent grinding requirements. 

The conditions of operation and results of the 
tests are presented in Table II and results are shown 
graphically in Figs. 3 and 4. The curves illustrating 
percentage of +3/8-in. material in the product and 
percent removal of carbon and LOI show the effect 
of diluting the fuel of the burden by the addition of 
limestone. At low shale contents, i.e., high lime- 
stone addition, the product contained small amounts 
of +3/8-in. material; the carbon removal was high 
and the LOI removal was low. These factors show 
the effects of insufficient fuel in the mixture or 
over-dilution of the shale. In the case of sintering a 
burden of 100 pct shale, the product contained a 
large amount of +3/8-in. material, and the per- 
centage of removal of carbon and LOI were low. 
This is indicative of excess fuel which caused ex- 
cessive fusion. This fusion prevented complete 
combustion of the fuel by restricting the air draft 
flow through the bed. When considering all of the 
criteria for determination of an optimum mixture, 
the burden containing 67 pct shale and 33 pct lime- 
stone appeared to be the most favorable. 

It was observed during the performance of all 
tests that the oil removed from the shale appeared 
to condense as an air-borne mist. This oil mist was 
relatively unaffected by the scrubbing tower or the 
orifice-type dust collector and caused the stack 
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Table III. Processing, Conditions, and Results of Tests With 
20 Pct Shale—80 Pct Limestone Mixture 
: fore and 10 Pct Addition Solid Fuel 
Bituminous 
Anthracite Coke Coal 
8 
Charge Composition (Natural Basis) 
Shale, pct 18 18 18 
4 at Limestone, pet 72 72 72 
4 Fuel, pct 10 10 10 
Processing Conditions 
> 
a Burden moisture, pct 10.4 7.0 10.8 
Deptt bed? in. 7.5 7.0 7.5 
30 Ignition period, sec 60 60 60 
i WA Flow rate, cfm per sq ft (STP) 177 198 206 
Vacuum, in. H, 37.4 30.0 
20 Processing time, min 8.5 6.0 9.0 
Product Analyses 
0 Loss on ignition, pct 3.85 4.72 9.76 
L 20 Total carbon, pct 2.86 2.19 3.39 
eee Carbonate carbon, pct 0.54 0.97 1.64 
Combustible carbon, pct 2.32 175 
| an example, Table III shows the conditions and re- 
- Seer, sults for tests using a 10 pct fuel addition to the 
nN ier mixture and illustrates typical processing conditions 
Fa vio al of all tests. Duplicate tests were conducted for each 
pores burden composition. The criteria used for evaluating 
50 70 results were the structure of the product, the 
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Fig. 3—Percentage of removal of LOI, SO,, K,0O, 
and Na2O obtained by calcining various shale- 
limestone mixtures. 


gases to have a dense opaque appearance. Samples 
of the stack gases were taken with a tar camera and 
a portable electrostatic precipitator. The data from 
these samples indicated that the mist was very fine 
in structure but that it could be coalesced by elec- 
trostatic precipitation. Subsequent research with a 
pilot-plant-size electrostatic precipitator following 
the scrubber in the draft circuit demonstrated that 
the oil mist could be collected and that clean stack 
gases could be obtained. The best results were ob- 
tained with low gas velocities in the electrostatic 
precipitator. 

Tests Using Various Types and Quantities of Solid 
Fuels: The test program was continued with a series 
of bench-scale tests. The object of these tests was 
to determine an optimum fuel addition required for 
beneficiating a mixture of 20 pct shale and 80 pct 
limestone. This mixture approximates the ratio of 
ingredients required for making cement clinker and 
as such all of the kiln feed would be beneficiated. 
The tests were conducted using three different fuels 
at various percentages of the burden mixture. An- 
thracite and coke, both -10 mesh, were selected as 
two of the fuels because these are common sintering 
fuels. The other fuel used in the tests was a bitu- 
minous steam coal crushed to -10 mesh. This coal 
is Similar to that used for firing kilns. The program 
included a series of tests with no fuel addition and 
with fuel additions which comprised 2.5, 5.0, 10, and 
20 pct of the shale-limestone mixture. Processing 
conditions were established by preliminary tests. As 
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degree of calcination of the limestone, and the re- 
moval of carbon. 

The test results are presented in Figs. 5 and 6. 
The curves in Fig. 5 show the percentage +3/8-in. 
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Fig. 4—Pyroduct structure and percentage of re- 
moval of carbon obtained by calcining various 
shale-limestone mixtures. 
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Fig. 5—Product structure, percentage of car- 
bonate decomposed, and peak bed temperatures 
obtained by calcining 20 pct shale-80 pct lime- 
stone mixture with various quantities of solid 
fuel. Heavy dotted line is anthracite; solid line, 
coke; and small dotted line, bituminous coal. 


in the product, the percentage of carbonate decom- 
posed, and the peak bed temperatures as functions 
of increasing quantities of fuels in the burden. Fig. 6 
presents a series of curves which show the per- 
centage of removal of carbonate carbon, combustible 
carbon, total carbon, and LOI as functions of the 
percentage fixed carbon in the burden. A comparison 
on the basis of fixed carbon is important in this 
series of tests because of the volatile hydrocarbons 
of the bituminous coal (35 pct) and shale. As pre- 
viously discussed these are removed from the bur- 
den by volatilization which occurs as the high- 
temperature combustion zone descends through the 
bed. 

The results show that all of the curves, except 
those for removal of combustible carbon, approach 
optimum values with 10 pct addition of fuel. The 
percentage of removal of combustible carbon is 
fairly constant for all fuel levels investigated. The 
apparent optimum fuel levels are the same for the 
three fuels, but the criteria values are consistently 
lower for the tests where bituminous coal was used. 
These lower values are attributed to the volatiliza- 
tion of the hydrocarbon fractions of the coal. Thus 
the residual fixed carbon remains as the main 
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Fig. 6—Percentage of removal of LOI, total car- 
bon, combustible carbon, and carbonate carbon 
obtained by calcining 20 pct shale-80 pct lime- 
Stone mixture with various quantities of solid 
fuel. Heavy dotted line is anthracite; solid line, 
coke; and small dotted line, bituminous coal. 


source of fuel for contribution of heat to the process. 
Advantages and Disadvantages: Some advantages and 
disadvantages of using a beneficiated mixture of 
shale and limestone for the production of cement 
clinker may be summarized as follows: 

Advantages—1) Elimination of carbon and hydro- 
carbon in kiln feed. This will prevent preignition of 
the mixture in kiln preheaters and allow maximum 
utilization of clinkering capacity. 2) Reduction of 
carbonates in kiln feed. This will allow higher pro- 
duction from the kiln because driving rates can be 
increased in relation to the decreased amounts of 
gases being evolved from the raw materials. 3) Re- 
duction of undesirable elements in the kiln feed. 
This will permit the production of higher quality 
cements. 4) Elimination of drying operations. This 
will eliminate equipment associated with the drying 
operation and in many cases several dryers of 
limited tonnage can be replaced with one moderate 
size Dwight- Lloyd machine which will not only dry 
the raw materials but will beneficiate them as well. 
5) Reduction of grinding requirements. This will 
allow economies in grinding costs for the kiln feed. 
Tests have shown that the grinding requirements of 
a beneficiated mixture are considerably less than the 
materials in the untreated state. 
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Fig. 7—Illustvation of heating and cooling cycles 
for various cement processes.® 


Disadvantages—1) Partial loss of the heat value of 
the shale. This could cause slightly higher fuel re- 
quirements for the overall cement process if waste 
heat boilers ordinarily use this source of heat. 2) In- 
creased materials handling problem. This results 
from the inconveniences of crushing and handling a 
product which has burned lime as a major constit- 
uent. The beneficiated product contains an abundance 
of dry powders which air entrain easily and require 
more extensive dust collecting facilities. 


BENEFICIATION OF PRECIPITATOR DUST 


General Considerations: Investigations of the bene- 
ficiation of kiln waste dust from electrostatic pre- 
cipitators were warranted because the dust contains 
an alkaline material which penalizes the dust as a 
recycle material. If the dust is recirculated as kiln 
feed without treatment, the alkali content of the 
clinker increases to an undesirable level. 

Previous research by numerous investigators has 
shown that the principal means for reducing the 
alkali content of the clinker are as follows:* 1) using 
raw materials with a lower alkali content, 2) dis- 
carding portions of the collected dust or leaching 
the soluble salts of this dust before mixing it with 
kiln feed, 3) increasing the clinkering temperature 
or the time of the burning period, and 4) adding cer- 
tain chemicals, such as halides, to the raw meal. 

The possibilities for locating and developing new 
sources of raw material are limited for existing 
plants. In processes for leaching waste dust, the 
dust should be agglomerated or pretreated to obtain 
satisfactory results. Also, a leaching process is not 
desirable in plants using a dry cement- making proc- 
ess because the leached product is usually a high- 
moisture filter cake. Increasing the time period of 
the burning process usually decreases the capacity 
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of a given kiln system. If this method is used it is 
important that the volatilized alkalies are not col- 
lected and recycled to the kiln feed. 

Previous experiences in metallic and nonmetallic 
sintering applications indicated that the sintering 
process could be used for the beneficiation of the 
dust with simultaneous production of high quality 
cement clinker. Some of these experiences are: 

1) Removal by volatilization, oxidation, or de- 
composition of impurities, such as arsenic, anti- 
mony, zinc, and sulfur, are known to take place dur- 
ing the sintering process. It was believed that 
alkalies would be removed by similar mechanisms. 

2) Construction of the sintering machine permits 
the exit gases to be separated by individual zones of 
the machine thus allowing gas streams containing 
high concentrations of contaminants to be treated 
separately. This construction would provide a 
separate system for handling the gas streams which 
would contain dust with large amounts of alkalies. 

3) Sintering tests with various raw materials have 
shown the air entrained dust to be 0.05 to 1.0 pct of 
feed materials. This amount is substantially less 
than the normal dust loading of kilns. 

4) Rapid cooling of the sintered material is 
characteristic of the normal sintering process. 

This rapid cooling or quenching follows the combus- 
tion zone and cools the sinter shortly after its for- 
mation. In the case of making cement clinker, the 
rapid cooling inhibits formation and crystallization 
of y dicalcium silicate and periclase. These phe- 
nomena were discussed in detail by Anselm with an 
illustration of heating and cooling cycles for various 
cement processes. This illustration is shown in 

5) Development of cement making process using 
the Dwight- Lloyd sintering machine began as early 
as 1912, and many investigators have since made 
contributions.®’” These provided encouragement for 
development of the process. 

6) Operation of a commercial sintering plant for 
making cement clinker has been successful in 
Europe for nearly 20 years. This operation sub- 
stantiated preliminary economic consideration of 
the process.° 
Test Procedures: The initial step of the research 
program was to determine optimum sintering con- 
ditions for producing cement clinker using a sample 
of the kiln raw meal from which the dust emanated. 
Once these conditions had been established and high 
quality clinker had been produced, a series of tests 
was conducted with a mixture of 50 pct raw meal and 
50 pet precipitator dust. Analysis of the raw meal- 
dust mixture is presented in Table I. The objective 
of the program was to produce from the high alkaline 
feed a cement clinker which would contain less than 
0.6 pct total alkali expressed as Na,O, and which 
would meet ASTM standards for cement quality. 

The research program was designed to establish 
optimum Sintering conditions for the raw meal- 
precipitator dust mixture and to determine the ex- 
tent of alkali elimination. After completion of pre- 
liminary work, the program was continued with a 
series of tests with chemical additives blended with 


Table IV. Typical Conditions of Operation and Results of Tests 
With Raw Meal-Precipitator Dust Mixture 


Typical Conditions of Operations 


Charge Composition (Wet Basis) Processing Conditions 


Raw meal-dust mixture, pct 45.6 Active bed depth, in. aY/ 
Retums, pct 34.2 Hearth layer depth, in. AS 
Coke, pct 6.9 Ignition period, sec 90 
Burden, moisture, pct 13.3 Flowrate, cfm per sq ft 
(NTP) 165 
Vacuum, in. H,O 20.5 


Clinkering time, min 17 
Results of Tests With Raw Meal-Precipitator Dust Mixture 


Additives, Pct 


No 
Addi- 
tives, 
Pct CaCl, 2H,0 HCL CaF, 
Burden additive 0.0 0.50 0.75 1.00 1.50 2.00 0.66 0.70 
Free CaO 0.96 0.93 0.93 0.78 0.78 0.84 0.95 0.76 
K,O 12505 1.20 1:07, 0.48 1:03, 1:88 
Na,O 0229 0.27) 0322), 0,29: 
Total as Na,O 1.40 1.44 1.27 1.04 0.98 0.54 0.92 1.53 


the burden to determine the effect of additives for 
removing alkalies. 

A mixture of raw meal and precipitator dust was 
chosen for evaluation because such a mixture would 
aid alkali removal by dilution and would enhance the 
economics of projected commercial scale produc- 
tion. The chemical additives chosen for aiding 
alkali removal were calcium chloride, calcium 
fluoride, and hydrochloric acid. These were selected 
on the basis of extensive past research in using 
these chemicals to assist volatilization of alkalies 
in kiln processes.”*° 

The procedures for performing the experimental 
Sintering tests included blending the raw meal, pre- 
cipitator dust, returns, and -—10-mesh anthracite in 
a 2x 2 ft rotating drum and forming miniature -1/4 
in. nodules of the mixture. Nodule formation was 
promoted by addition of fine water sprays in the 
rotating drum. In the tests where chloride additions 
were used, these additions were diluted in a portion 
of the water to be used for nodulization and this por- 
tion was used initially. The prepared burden was 
then charged in a 17-in. deep layer to a 1-sq-ft sin- 
tering pot which contained a 1 1/2-in. deep hearth 
layer comprised of sized clinker product. The 
charge was ignited for 90 sec and upon completion 
of the sintering cycle, approximately 16 min after 
ignition, the pot was dumped and the product was 
hand crushed to —4 in. The crushed product was 
screened for 30 sec. The screened products were 
designated as clinker, hearth layer, and returns. 
For each condition studied, duplicate tests were con- 
ducted. Typical conditions of operation are shown in 
Table IV. It will be noted that a rather high per- 
centage of returns was used in the feed burden. This 
percentage of returns was required to obtain struc- 
ture and stability in the deep charge; in all cases the 
returns were compoSed of all the natural returns 
generated from screening, and the remainder was 
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Fig. 8—Effect of calcium chloride additions on 
the alkali content of clinker produced by sinter- 
ing techniques using a mixture of cement raw 
meal and precipitator dust. 


obtained by crushing portions of the clinker. 

Test Results: The results include clinker analyses 
of Na2O, K2O, total alkalies expressed as Na,O, and 
free CaO. These are presented in Table IV and in 
Figs. 8 and 9. These show that sintering the raw 
meal-precipitator dust mixture without additives 
produced a cement clinker with an alkali content of 
1.40 pct (total alkalies as Na,O). Although this rep- 
resents beneficiation by removal of approximately 
50 pct of the alkalies from the feed mixture, the 
alkali content of the clinker is above the desired 
level. The effect of increasing additions of calcium 
chloride on volatilization of the alkalies can be seen 
in Fig. 8. The data and figure show that additions of 
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Fig. 9—Effects of equivalent additions of 
CaCle2 H,O, HCl,and on the alkali 
and free CaO contents of clinker produced 
by sintering techniques using a mixture of 
cement raw meal and precipitator dust. 
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0.5 pct calcium chloride had no effect on the vola- 
tilization of alkalies. The alkali contents of the 
clinker decreased with increasing additions of cal- 
cium chloride, and an acceptable product was made 
with a 2.0 pct addition. The curves for pct NazO and 
pct K2O, illustrated in Fig. 8, in general confirm the 
results of others, but do not conform in detail.”*° 
That is, in previous laboratory and plant-scale kiln 
tests on volatilization of alkalies with calcium chlo- 
ride, the results had shown a sharp decrease of K2O 
with small additions, and a significant decrease of 
NazO in the clinker with greater additions of calcium 
chloride. These minor differences may be attributed 
to the differences of the processes and the resident 
time at clinkering temperatures. 

No significant difference in the test results could 
be detected between the use of calcium chloride and 
hydrochloric acid at the addition quantity investi- 
gated. However, the results of the tests with cal- 
cium fluoride showed no benefits in aiding the vola- 
tilization of the alkalies. 


SUMMARY 


The sintering process has a long history in the 
successful application of beneficiating ores, and the 
versatility of the process make it attractive for non- 
metallic industrial applications. The cases pre- 
sented herein demonstrate techniques of beneficia- 
tion for the cement industry, where the basic sinter- 
ing process is used to beneficiate feed for a kiln or 
to beneficiate a kiln byproduct and simultaneously 
produce a clinker product which, when ground with 
gypsum, makes a quality portland cement. 

In the first case, various mixtures of shale and 
limestone were calcined on a sintering machine to 
determine the removal of carbon, carbonates, and 
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other impurities. The results showed that an opti- 
mum mixture contained 67 pct shale and 33 pct lime- 
stone. Tests with a mixture comprised of 20 pct 
shale and 80 pct limestone were performed with 
addition of various quantities of solid fuels. Ap- 
parent optimum results were obtained when 10 pet 
fuel additions were used. 

For the second case, electrostatic precipitator 
dust was processed on the sintering machine to pro- 
duce cement clinker. Beneficiation of the dust was 
attained by removal of alkalies present as a con- 
stituent. 
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EXOTHERMIC HARDENING OF CU-NI SULFIDE 


AGGLOMERATES 


Development of a new method of treating flotation concentrates for the 
preparation of feed suitable for direct charging to blast furnaces or con- 
verters is described. The method takes advantage of the fact that pyrrhotite 
contained in the concentrates can be made to undergo exothermic reactions 
which, under properly controlled conditions, result in formation of oxida- 
tion products that serve to cement the concentrate particles together. Thus 
green concentrates either in the form of pellets or briquettes containing 

5 to 8 pct moisture not only were hardened, but also completely dried 
autogenously by continuous countercurrent shaft treatment with air. The 
process was developed through pilot plant operations ranging from 35 1b 
ber hr to 2.5 tph, culminating in products evaluation tests on a railway- 


cay scale, 


alconbridge Nickel Mines Ltd., Falconbridge, 

Ont., have practised sintering, on a travelling 
grate machine, for many years to prepare a pyr- 
rhotite-bearing Cu-Ni sulfide flotation concentrate 
for blast furnace smelting. In recent years the de- 
velopment of new mines, and the construction of 
concentration plants some 40 miles from the smelter 
has increased the quantity of concentrate shipped, 
and encouraged the search for a method of producing 
dry, hard pellets or briquettes suitable for direct 
charging to a blast furnace or converter, and capa- 
ble of withstanding considerable handling. The 
cementing properties of pyrrhotite oxidation prod- 
ucts were discovered during a search for a suitable 
agglomeration method for sulfide concentrates, and 
were exploited in a process subsequently developed 
for autogenously drying and hardening pellets and 
briquettes of pyrrhotite-bearing Cu-Ni sulfide 
flotation concentrate. 


EARLY TEST WORK 


The production of hard, dry pellets of concen- 
trate filter cake was attempted in the drying plant 
of one of the new concentrators. While soft pellets 
were produced containing 5 pct moisture, attempts 
at further drying resulted in disintegration of the 
pellets and intolerable dusting. The plant therefore 
was controlled to produce a concentrate containing 
about 6 pct moisture. The partially dried concen- 
trate, which was shipped to Falconbridge for sinter- 
ing, tended to heat spontaneously in transit. An at- 
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tempt to briquette the moist concentrate at Falcon- 
bridge, in a plant incorporating a muller, a 20-in. 
roll briquetting press, and a steam-heated travelling 
grate oven, was more successful, although the equip- 
ment corroded rapidly due to the acid nature of the 
concentrate after spontaneous heating had occurred. 


LABORATORY STUDIES OF SPONTANEOUS 
HEATING OF CONCENTRATE 


The spontaneous heating of partially dried concen- 
trate was studied in the laboratory. Moist concen- 
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Fig. 1—Typical form of curve obtained from the 
spontaneous heating of a moist 500-g sample of a 
Cu-Ni sulfide concentrate in a 1-pt Thermos bottle. 
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Fig. 2—Increase in initial spontaneous heating vate 
due to higher pyrrhotite content of moist Cu-Nt 
sulfide concentrate. 
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Fig. 3—Role of pyrrhotite in promoting the spontane- 
ous heating of moist Cu-Ni sulfide concentrates is 
emphasized by splitting the concentrate into high 

and low pyrrhotite fractions by magnetic separation. 
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Fig. 4—Duration of heating of Cu-Ni sulfide concen- 
trate in Thermos bottle is increased by higher 
initial moisture content. 


trate samples, weighing approximately 500 g, were 
placed in open Thermos bottles and the temperature 
changes recorded over several days. The curve in 
Fig. 1 illustrates the typical sequence of tempera- 
ture changes occurring in the Thermos bottle due 
to the spontaneous heating of a sample of Cu-Ni con- 
centrate containing 6 pct moisture. Subsequent 
Figs. 2 to 7 show the influence on the spontaneous 
heating curve of variations of pyrrhotite content, 
initial moisture content, reaction products, re- 
moval of soluble reaction products by leaching, and 
addition of sulfur dioxide, caustic soda, lime, and 
creosote. 

A more detailed picture of the spontaneous heating 
cycle was obtained by discharging the Thermos after 
various intervals of time, with the results shown in 
Table I. 

The spontaneous heating rate of agglomerated con- 
centrate was slower than that of unagglomerated 
concentrate, as shown in Table II. 


Table |. Spontaneous Oxidation of Concentrate 
in Thermos Bottle 


Filtrate from Water Leach 
at 50 Pct Solids 


Tempera- Pct 
Time, Hr ture, °C Moisture pH Soluble Fe, Gpl 
0 30 6.5 7.5 Negligible 
5 42 5.6 Thea Negligible 
22 83 4.0 4.1 0.27 
29 87 22 3.9 0.53 
45 86 0.5 3.4 Not determined 
53 80 0,2 3.4 3.30 
70 43 nil 3.4 3.30 
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Fig. 5—Build-up of reaction products in concentrate 
progressively retards spontaneous heating. 
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Fig. 6—Removal of soluble reaction products re- 
stores spontaneous heating capacity of moist con- 
centrate in a Thermos bottle. 
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Fig. 7—Sulfur dioxide and sodium hydroxide ac- 
centuate, while lime and Barrett oil retard, spon- 
taneous heating. 


Sulfur dioxide accelerated the spontaneous heating 
rate of agglomerated concentrate, as illustrated in 
Fig. 8. 

The water carried out of the Thermos bottle by 
the exit gas was collected during a test in which 
complete drying of concentrate occurred. Since 
only 60 pct of the moisture originally present in the 
sample was accounted for, it was inferred that the 
remainder was chemically combined. 

The role of pyrrhotite oxidation in the production 
of strong agglomerates was emphasized by com- 
pression tests on cylinders prepared from unoxi- 
dized concentrate and Thermos bottle products, as 
indicated in Table III. 

Some indication of the composition of the oxidation 
products responsible for the strength of the agglom- 
erates was obtained by leaching a sample of moist, 
partially oxidized, concentrate in water and assaying 


Table Il. Comparison of Behavior of Agglomerated and 
Unagglomerated Concentrate in Thermos Bottle with 


Air-Flow Rate 5 Cu Cm per Min 


Agglomerated Concentrate Unagglomerated Concentrate 


Time, Tempera- Pct Time 


Tempera- Pct 
Hr ture,°C Moisture pH Hr 


ture,°C Moisture pH 


0 30 8.2 7.40 0 30 6.6 6.7 
28 SYAIS: 6.0 6.05 5 78 3.1 4.4 
44 36 5.3 5.30 87 * 
52 49 3.4 4.90 23 105 0.7 4.1 
62 78 - * 28 87 Nil 3.8 
73 105 Y 45 40 Nil 3.1 
75 96 0.8 Sito 

100 32 Nil 3.30 


*Not determined. 
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Table Ill. Compression Tests on ]-In. Diam by 1-In. High 
Concentrate Cylinders of Thermos Bottle Feed and Products 


Thermos Dri i - 
Bottle Pct Condition of 
Material Po Concentrate ature Moisture Strength, Lb 
Feed 36 Unoxidized Not dried 6 9 
Feed 36 Unoxidized 110 Nil 14 
Product 36 Partially oxidized 110 Nil 196 
Product 76 Partially oxidized 110 Nil 214 
Product 10. Partially oxidized 110 Nil 63 


the leach liquor. The estimated composition of the 
solution present in the original sample was 80 gpl 
Fe and 5 gpl free H2SQ,. 


EXPLORATORY AND LABORATORY 
STUDIES OF SHAFT DRYING 


The possibility of exploiting the heat generated 
in the spontaneous oxidation of phrrhotite for drying 
briquettes as an alternative to using a steam-heated 
traveling grate oven was tested by arranging the 
slow passage of briquettes through an 8-in. diam 
by 7-ft high shaft, countercurrent to a slow stream 
of air. The results (Table IV) showed that, in addi- 
tion to obtaining autogenous drying, the strength of 
the product briquettes, as indicated by a modifica- 
tion of the standard coke rattle test, was appreciably 
higher than the strength of similar briquettes dried 
in the traveling grate oven. 

Hot gases (200°C) were used to accelerate the 
drying of the moist briquettes in an 18-in. diam by 
9 1/2-ft high shaft, but resulted in a reduction of the 
final product strength, as Table V indicates. 

While the results obtained in the two shaft opera- 
tions showed that additional strength build-up oc- 
curred during the drying of the briquettes produced 
from partially oxidized concentrate, a return to 
laboratory scale operation was required to demon- 
strate that agglomerates of unoxidized concentrate 
could be similarly hardened. 

In the laboratory, passage of agglomerates through 
a drying shaft was simulated by two-stage treatment 
of 1-in. diam by 1-in. high test cylinders of un- 
oxidized pyrrhotite-bearing Cu-Ni concentrate con- 
taining 6 to 7 pct moisture. When the agglomerates 
were treated with sulfur dioxide and air, in the 
first stage, exothermic reactions increased the 
local temperature from 25°C initially to 50°C after 
2 hr of treatment. 

In the second stage the air supply was heated to 
promote drying, and no sulfur dioxide was used. 
Comparing the results obtained (Table VI) with 
previous tests on Thermos bottle products indicated 


Table IV. Comparison of Strength of Shaft-Dried with 
Oven-Dried Briquettes 


Rattle Test (50 Revolutions), 


Drying Tempera- Cumulative Pct Wt Retained 
Unit Time, Hr ture, °C on 1/2-In. Mesh 

Shaft 6 90 92 

Oven 1 110 70 


PELLETS WITH 
SULPHUR DIOXIDE FLOW 
(5 CCS PER MINUTE) 


PELLETS WITH 
AIR FLOW 
(5 CCS PER MINUTE) 


Fig. 8—Sulfur dioxide accelerates the heating of 
moist Cu-Ni sulfide concentrate pellets ina 
Thermos bottle. 


that marked hardening of unoxidized concentrate 
agglomerates occurred, providing the second-stage 
drying temperature was low enough to permit ade- 
quate reaction time under moist conditions. 

Further work on the hardening of unoxidized con- 
centrate agglomerates was pursued on a pilot plant 
scale. 


PILOT PLANT STUDIES 


The first pilot plant for treating unoxidized con- 
centrate agglomerates consisted essentially of a 
Roto- Louvre dryer, a vibrating screen, and an 18-in. 
diam by 20 ft high shaft. The moist pellets dis- 
charged from the dryer, passed over a 1/4-in. 
screen to remove undersize material and were 
dried and hardened in the shaft. The 18-in. diam 
shaft operated satisfactorily and was replaced by 
a 16 ft high rectangular shaft with a 6-sq-ft cross- 
sectional area. 

After a period of operation on pellets, the 6-sq-ft 
rectangular shaft was incorporated in a pilot plant 
to handle briquettes produced from filter cake 
freshly dried to about 6 1/2 pct moisture. Finally 
a large rectangular shaft, with a cross-sectional 
area of 22 1/2 sq ft, was employed to dry and harden 
Roto- Louvre pellets. 

The establishement of optimum operating condi- 
tions for each shaft operation was achieved by 
practical experience, liberally supplemented with 
common sense and the intuitive abilities of the 
operators. A qualitative picture of the mechanism 
by which hardening and drying was achieved is out- 
lined below. 

Inside the shaft, oxygen in the air reacts with 
sulfide material to produce water-soluble salts 
and generate heat. The salts possess potential 
binding properties which come into play when the 
heat evaporates sufficient water to permit crystal- 
lization to occur. The evaporated water is carried 
up and out of the shaft in the gas stream. A limited 
quantity of sulfur dioxide is also formed in the 
lower part of the shaft. Most of the sulfur dioxide 


Table V. Shaft Drying with External Heating 


Rattle Test (50 Revolutions), 


Retention Time Cumulative Pct Wt Retained 


in Shaft, Hr on 1/2-In. Mesh 
2% 65 
2% 75 
3% 83 
6 96 
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Table VI. Simulated Shaft Hardening Tests 


Primary Treatment Secondary Treatment 


Average 
Pct Tempera- Time, Compressive 
so ture, °C Hr Temperature, °C Strength, Lb 
10 25 to 50 2 80 293 
10 25 to 50 2 110 122 


is absorbed by, and reacts with, the wet concentrate 
in the upper part of the shaft, since only occasional 
traces of sulfur dioxide are detected in the gas 
leaving the top of the shaft. 

Water elimination occurs within the agglomerates 
by capillary flow to, and evaporation from, the sur- 
face, as well as by diffusion of water vapor through 
the interstices. Simultaneously, oxygen is diffusing 
into the mass to form the soluble reaction products 
which, on further evaporation, consolidate the 
agglomerate. During the period of capillary flow 
the soluble reaction products are carried to, and 
concentrate at, the surface of the agglomerate. 
Where excess surface concentration of salts occurs, 
an agglomerate with a hard impermeable shell 
and a moist interior results. 

Table VII summarizes the operating data obtained 
on the exploratory and pilot operations. The two 
flow systems adopted are illustrated in Fig. 9. In 
the exploratory test work the briquettes treated in 
the shafts were produced from concentrate which 
had already undergone limited oxidation in rail 
cars. Since the briquettes already contained oxida- 
tion products, the extent of oxidation in the shaft 


was not critical to strength build-up and countercur- 
rent operation was favored for maximum heat recu- 
peration and therefore a relatively fast drying opera- 
tion. In later work treating agglomerates produced 
from freshly dried concentrate, all build-up of the 
oxidation products required for hardening had to 
occur in the shaft. The split flow system extended 
the reaction zone and therefore increased the amount 
of reaction occurring. 

Fig. 10 illustrates the shape and relative cross- 
sectional area of the shafts. The rectangular cross- 
section was adopted as a means of increasing the 
wall support, that is, reducing the hydraulic radius 
(ratio cross-section to perimeter) of the shaft and 
hence the vertical pressures within the column. 
Table VIII provides information on the principal 
shaft dimensions. 

The moist agglomerates supplied to the shaft 
were very weak and build-up of strength occurred 
only slowly with passage down the column. The 
slow build-up in strength is indicated by samples 
obtained at various levels in the 20-ft high briquette 
shaft (Table IX). 

In practice no appreciable increase in degrada- 
tion occurred with size of shaft up to the maximum 
scale operated. 

The influence of shaft shape on hydraulic radius 
is indicated by Table X giving hypothetical values 
for a 125-sq ft cross-section shaft. 

Besides influencing the pressure conditions in- 
side the column, the shaft shape also influenced air 
distribution, feed arrangements, rate of passage of 
solids through the column, degree of solids build-up, 
hardening reaction, degree of roasting, method of 
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Table VII. Summary of Shaft Operating Data 


Product Strength 


Apparent 
Bulk Ai 
Density 
of Shaft S.C.F. Temperature, °C Rattle Test (4 Falls 
Reten- Shaft Con- Feed Air per (50 Revs.) of 4 Ft) 
Agglome- Feed tion Capay tents, Mois- Distri- Lb Feed Section 
Shaft rate Rate, Time, city, Lbper ture, bution Total Pct+1- Pct+%- Pct+4 
Size Type, In. LbperHr Hr Lb CuFt Pct System S.C.F.M Up Down Upper Middle Lower In. In. Mesh 
8-in.x7-ft Briquettes 36 6 216 88.2 5.5 Counter- 65 - 84 92 
(2x2x 1%) current 
18-in. Briquettes 250 6 1,500 89.2 5.5 Counter- 15 6.0 Nil - 95 ~- 84 92 
x 9Y-ft (2x2x 1%) current 
18-in. Pellets 420 10 4,200 118.5 5.5 Split 18 2ele 10547, 95 115 120 88 
x 20-ft (-% +%) flow 
3x 2x 16-ft Pellets 1080 10 10,800 112.4 5.5 Split 60 2.7 0.64 90 100 105 85 
(—% + 4) flow 
3x2x20-ft Briquettes 1170 10° 17,700 9775 6.5 Split 50 2.0 0.56 90 110 120 54 75 
(2x 2x 1%) flow 
44%4x5 Pellets 5000 10 50,000 116.0 6.5 Split 100 1.0 0.20 90 90 95 83 
x21-ft 
Table VIII. Shaft Dimensions 
Diam, Sides, Area, Perimeter, Hydraulic Height, Volume, Wall Surface per Unit Vol- 
Shape In. Ft Sq Ft Ft Radius, Ft Ft Cu Ft Surface, Sq Ft ume, Sq Ft per Cu Ft 
Circular 8 0.35 PAS 0.17 # 2.45 14.6 5.96 
Circular 18 LTT. 4.7 0.38 9% 16.80 44.8 2.67 
Circular 18 a a 4.7 0.38 20 35.40 94.1 2.67 
Rectangular 367, 6.00 10.0 0.60 16 96.00 160.0 1.67 
Rectangular a5cz2 6.00 10.0 0.60 20 120.00 200.0 1.67 
Rectangular 44x 5 22.50 19.0 1.19 432.00 399.0 0.925 
Table IX. Development of Strength in the 3x2 x 20-Ft Shaft Table X. Shaft Shape and Hydraulic Radius 
Distance Pct pH (50 Pct Temper- Rattler Test Area, Hydraulic 
From Moisture Solids ature, (10 Revolutions) Shaft Shape Sq Ft Perimeter, Ft Radius, Ft 
Top, Ft Content Slurry) =C Pct + 1/2-In. 
Rectangular, 5x25 ft 125 60.0 2.08 
Nil 6.5 6.2 40 48 Rectangular, 10x 12% ft 125 44.5 2.80 
e 4.0 4,4 87 44 Circular, 12.61 ft diam 125 39.6 S15 
10 3.0 4.1 98 51 
14 2.0 4.1 106 76 a Cu-Ni flotation concentrate of the following approx- 
17 1.0 3.8 126 81 imate mineralogical composition: 
20 0.2 3.4 - 85 


discharge, and surface area available for heat 
dissipation. Rather than deal with each of these 
factors separately, a description of the 32x 20-ft 
briquette shaft is given which will illustrate most 
features of shaft operation in general. The pilot 
plant layout is shown in Fig. 11. 


BRIQUETTE HARDENING PILOT PLANT 


The feed material to the briquette pilot plant was 


Fig. 10—Illustration of 
the shape and relative 
cross-sectional area of 
the shafts used for test 
work, 


Mineral Wt Pct 
Chalcopyrite 13.9 
Pentlandite 20.9 
Pyrrhotite 36.3 
Pyrite 10.2 
Gangue minerals 18.7 

Total 100.0 


Screen analysis showed the material had the fol- 
lowing particle size distribution: 


AL x 5 
‘ 
3” 18” 18” 3x 2° 
BRIQUETTES BRIQUETTES PELLETS PELLETS BRI QUETTES PELLETS 
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Table XIII. Screen Analysis of Roto-Louvre Discharge, 


Table XI. Influence of Briquette Size on Dry Strength PE a Nas 


Rattle Test (50 Revolutions) 


Weight Dry Size Roto-Louvre Shaft Fee, Shaft 
Briquette, Lb Pct + 1-In. Pct + 1/2-In. Fraction Discharge, Wt Pct Wt Pct Product, Wt Pct 
0.36 40 60 +¥pIn. 54.7 47,2 30.6 
0.31 47 66 + 4-Mesh 38.0 49.8 55.1 
0.29 54 75 —4 Mesh 73 14.3 
0.12 Not determined 90 =e —— 
Total 100.0 100.0 100.0 


Table XII. Briquette Shaft Product 


Table XIV. Briquette Shipments—Before and After Discharge 


Screen Mesh Shaft Product, Wt Pct 
Screen Analysis, Rattle Test 
+1-In, 75.4 Pct +1/2-In. (50 Revolutions), 
+4%-In. 10.4 Sample Location Cumulative Pct +1/2-In. Cumulative 
+ 4-Mesn 6.0 
—4-Mesh 8.2 Charging rail car 97 75 
Bin discharge 85 91 


Standard Tyler 


Screen Mesh Wt Pct trate was elevated 30 ft in a drop-bottom skip by an 


electric hoist and was dumped into a conical rubber 
+ 48 0.3 feed hopper. The concentrate discharged directly 
+ 65 0.7 from the hopper to a pair of 20-in. diam briquette 
+100 1.9 press rolls. The briquettes produced passed down 
3.5 
2.3 


+150 a stainless steel grizzly to the top of the shaft. 
+200 12. Fines fell by gravity through a 6 1/2-in. diam veri- 
-200 81.3 cal rubber pipe to the dryer discharge belt. The 
briquettes moved slowly down the column to be 
discharged by a slow moving conveyor at the bot- 
tom of the shaft. Deflector plates were placed at 
the back and center of the bottom shaft section to 
obtain even discharge of material across the 
section of the shaft, and also to relieve the dis- 
charge belt of the pressure of the column of 


The concentrate, produced as filter cake, was 
partially dried in a rotary dryer to a moisture con- 
tent between 6 and 7.5 pct H2O, and the dryer dis- 
charge diverted periodically from regular plant 
production into the pilot plant system. The concen- 


i briquettes. 
——eLecrric Holst - The air was distributed through two manifolds, 
re one approximately 3 1/2 ft from the top of the shaft, 
; | i and the second 7 1/2 ft from the top, both set into 
[oq the sides of the shaft. The air was originally dis- 
K I charged through 36 holes of 1/2-in. diam set at 
a) 3-in. intervals around the periphery of the column, 
7 prey omen ||] but in test work it was found that adequate air dis- 
ar Feats | tribution could be obtained with the air entering the 
short 2-ft sides only. 
i al The strength of briquettes produced from fresh 
\ |-——rver suaer || | concentrate was lower than the strength of briquettes 
|| produced from previously oxidized concentrate. The 
— Vaan size of the briquette markedly influenced the dry 
vw | ae strength, as Table XI shows. 
ee | | The increase in strength with decrease in agglom- 
ea ees || erate size suggested difficulty in building up ade- 
\ | | quate reaction product concentration in the interior 
| of the briquette. 
aa thy eel | The briquette shaft feed was essentially all +1-in. 
SS ai material. The screen analysis of the shaft product 
See gO showed approximately 10 pct weight of fine (-4 mesh) 
= PELLET HARDENING PILOT PLANTS 
The pelletizing circuits were generally similar to 
Fig. 11—Pilot plant for autogenous shaft drying and the briquette pilot plant, although somewhat simpler 
hardening of briquettes. since a moist pelletized product suitable for shaft 
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CONCENTRATE FILTER CAKE 


Fig. 12—Diagrammatic 
flow sheet of the 5000 
lb per hr pellet harden- 
ing pilot plant. 


10 TON BIN 


feed was produced from concentrate filter cake ina 
single operation by the Roto- Louvre dryer (Table 
XI). 

The pilot circuit for the 4 1/25 x21-ft shaft was 
extended to prepare the shaft product for shipment. 
The flowsheet is given in Fig. 12. 


SHIPMENT AND HANDLING OF AGGLOMERATES 


Briquette Shipments: A number of trial carloads of 
hardened briquettes were shipped. The briquettes 
were sampled during loading and again at Falcon- 
bridge after unloading, with a free fall of 20 ft intoa 
bin (Table XIV). 

With a less drastic handling treatment after dis- 
charge, the survival of briquettes would have been 
still greater. 

Pellet Shipments: A number of 10-ton truckloads of 
hardened pellets were shipped for evaluation pur- 

poses. The pellets were subject to severe handling 
conditions, including a 10-ft drop from the truck to 


ROTO-LOUVRE 
DRYER-PELLETI ZER 


SCREEN 


FINES AND 
EXCESS PELLETS 


SUPPLY INTERNAL 
AIR MAN | FOLD 
‘ 
A+ X 5 X 21 SHAFT 
EXHAUST GASES 
DEFLECTOR 
PLATE 
O 
1/4 SCREEN 
FINES’ 2x7 
COOLING 
SHAFT 
AIR 
a“ 
Z 
1/4 SCREEN 
FINES 


PRODUCT PELLETS 


a bin and a 20-ft drop thrugh a grizzly and downa 
chute, before sampling (Table XV). 

Cooling of Pellets and Briquettes: The consolidated 
agglomerates discharged from the shaft units nor- 
mally contained a small amount of free moisture 
(0.1 to 0.5 pct) and were hot (60° to 90°C). Since 
the agglomerates still tended to heat spontaneously, 
the agglomerates were cooled after discharge from 
the shaft and before shipment. 

Briquettes were allowed to cool for 24 hr in 
shallow layers spread on a concrete floor. Pellets 
were cooled to 20°C after passage downwardly 
through a 7-ft by 20-in. shaft countercurrent to a 


Table XV. Pellet Shipments—Before and After Discharge 


Screen Analysis, Pct +1/4-In. 


Sample Location Cumulative 


Charging truck 98.9 
Chute discharge 93:7 
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Table XVI. Reduction of Dusting by Surface Coating 


Fuel Oil 


Lignosol Sodium Silicate 


Estimated Cost of Quantity Used, 


Quantity Used, 


Quantity Used, 


Reagent, ¢ per Imp. Gal Dust Produced, Lb per Ton Dust Produced, Lb per Ton Dust Produced, 
Ton of Pellets per Ton -10 Mesh (50 Pct Solution) -10 Mesh (Dry) -10 Mesh 

Nil Nil 10.7 Nil 10.7 Nil 10.7 

8 0.5 4.7 5 5.7 Z 4.0 

16 1.0 3.4 10 Dip 4 202 

48 3.0 2.0 = = 


Table XVII. Durability of Pellet Coating 


Delay Period 
None, Pct 24 Hr, Pct 
Coating Substance Quantity Used -10 Mesh -10 Mesh 
Fuel oil 1.5 Imp. gal per ton Del 4.6 
Lignosol 15 lb per ton (50 0.7 1.0 
pct solution) 
Sodium silicate 8 (Lb per ton, dry) 0.4 Dal 


flow of air, at a rate of 130 S.C.F.M. Average re- 
tention time of the pellets in the cooling shaft was 
3 hr. 

No difficulty was experienced with spontaneous 
heating after adequate cooling of the agglomerates 
had been carried out. 

Dust Control: A loose layer of fine material formed 
on the surface of the agglomerates during the shaft 
treatment tended to become airborne when the ag- 
glomerates were subsequently handled. The effec- 
tiveness of a number of sprayed coatings in reduc- 
ing air dispersion of the dust was investigated. In 
order to compare and evaluate the materials, a 
standard laboratory test was developed. 
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In the standard test a 3000-g sample of +4 mesh 
pellets were tumbled in a drum while the coating 
substance was applied in a fine mist. The coated 
pellets were then shaken for 5 min on a screen test 
machine and the weight of -10 mesh material pro- 


duced in tumbling and shaking was used as a measure 


of dusting potential. 

The results obtained with lignosol, fuel oil, and 
sodium silicate are indicated in Table XVI. 

A duplicate test was carried out with a 24-hr 
delay between rolling and shaking to evaluate the 
durability of the coating (Table XVII). 

It was concluded that lignosol gave the cheapest, 
most effective, and most durable coating of the 
materials tested. 
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RELATIVE REDUCTION RATES OF POROUS 


IRON OXIDE PELLETS 


Many present direct reduction processes utilize iron ore concentrates for the 
production of sponge iron and the sponge iron is usually preferred as an ag- 
glomerate, Pelletizing a high grade iron oxide concentrate prior to reduction 
ts a simple approach to the high capacity production of a uniform and ag- 
glomerated sponge iron product. The present paper describes the effect of 
different atmospheres and physical characteristics on the reduction of 


pelletized iron oxide concentrates. 


Te: kinetics of iron oxide reduction have been 
studied by numerous investigators'~* and a rate 
equation for the hydrogen reduction of hematite and 
magnetite has been proposed. McKewan’* obtained 
kinetic data for the reduction of hematite spheres 
sintered at 1370°C (2498°F). The kinetics of mag- 
netite reduction was studied by Quets.* He com- 
pacted the oxide at a pressure of 1 ton per sq cm 
and sintered the specimens to densities of 95 to 

96 pct of theoretical. These studies demonstrated 
that the reduction of iron oxide is a topochemical 
process and that the rate of reduction is propor- 
tional to the receding surface area of remaining 
iron oxide. Thus, the measurement of the kinetics 
of iron oxide reduction depends upon the develop- 
ment of a measurable and well defined interface be- 
tween metal and reacting oxide. It is evident that 
the reduction rate will be constant only when the 
rate of formation of the reaction product layer is 
constant. 

It was recognized by Joseph’ and Edstrom’ that 
the physical character of the oxide will determine 
the configuration of the interface between oxide and 
metal. The reduction of oxides which exhibit few 
pores or no interconnected pores should proceed by 
topochemical processes. However, if a massive or 
dense crystalline ore cracks during the reduction 
of the oxide, thus allowing the reduction to proceed 
away from a well defined oxide/metal interface, 
then the observed reduction rate will vary or change 
during reduction. 

From a process standpoint, it would be difficult 
to apply absolute reduction rates determined for 
crystalline or nonporous iron oxide to the direct re- 
duction of a porous pellet of iron ore concentrate. 
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by W. J. Helfrich and C. L. Sollenberger 


Most present direct reduction processes are at- 
tempts to utilize iron ore concentraates in the pro- 
duction of sponge iron. The sponge iron is usually 
preferred in an agglomerated form for subsequent 
melting practices. Pelletizing a high grade iron ox- 
ide concentrate prior to reduction is a simple ap- 
proach to the high capacity production of a uniform 
and agglomerated sponge iron product. One process 
for preparing such a product has already been de- 
scribed.° This paper describes the effect of differ- 
ent atmospheres and physical characteristics on the 
reduction of pelletized iron oxide concentrates. 


ORE CONCENTRATES STUDIED 


A magnetite concentrate from Reserve Mining Co. 
and a hematite concentrate from U.S. Steel Corp. 
were used in preparing pellets for these experi- 
ments. A head analysis of these concentrates is 
given in Table I. To compare the reduction rates of 
pelletized concentrates, it was necessary that each 
pellet contain equal amounts of oxygen which could 
be removed by reduction, regardless of the oxida- 
tion state, i.e., Fe2O3 or Fe304. Also, because of 
the difficulty in preparing spherical pellets of uni - 
form size, weight, density, and porosity for experi- 
mental purposes, pellets of a cylindrical shape 
were formed in a press. 


Table |. Chemical Analysis of lron Ore Concentrates 


U.S. Steel 
Hematite, Pct 


Reserve 
Magnetite, Pct 


Fe Total 65.7 65.5 
Fe?t 44.6 65.8 
Fe?* 0.7 
SiO, 4.40 4.54 
Al 0.13 0.25 
Mn 0.13 0.02 
P 0.028 0.025 
S 0.020 0.026 
Mg 0.29 0.0 
Ca 0.29 0.07 
oa 0.05 0.02 
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The dried concentrate was mixed with 0.5 pct ben- 
tonite as a binder and distilled water to approximate 
10 pct moisture content. The moistened concen- 
trate was then placed in a die and pressed at 3000 
psig. The pellets thus formed were 2.55 cm diam 
and approximately 2.00 cm in height. The magne- 
tite and hematite pellets had an apparent density of 
2.86 and 2.93 g per cu cm and contained 40 and 42 
pet voids, respectively. This porosity is comparable 
with the porosity of machine rolled pellets. The 
small difference in densities is due to the difference 
in chemical analysis of the concentrates. 


APPARATUS 


The reduction tests were made with a thermo- 
gravimetric apparatus consisting of an Ainsworth 
automatic balance supported over a vertical tube 
furnace. A support wire of 0.005 in. diam nichrome 
alloy was attached to one arm of the balance and 
suspended through a glass capillary into a 1.5 in. 
ID Vycor tube inside the furnace. A basket of 16- 
mesh nichrome screen was attached to the support 
wire at the center of the furnace. 

The temperature of the reduction reaction was 
regulated with an indicating thermal control unit 
and chromel alumel thermocouple. Reducing gases 
consisting of CO or He, and mixtures, including 
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Fig. 1—Reduction rates of magnetite pellets reduced 
with gases as indicated, 
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CO, and Nz were supplied from compressed gas cy- 
linders. An absolute calibration for all gases was 
made at the conditions of flow used in these experi- 
ments. The gases were directed through a mani- 
fold to promote thorough mixing before entering 
the furnace. 


RESULTS AND DISCUSSIONS 


Some of the reduction curves (percentage of re- 
duction* vs time) obtained have already been pre- 


*Pct reduction = (total weight of oxygen removed during reduction 
test)/(total weight of oxygen originally presented as iron oxide) x 100. 


sented’ for the magnetite concentrate. These curves 
summarized in Figs. 1 and 2 show that at 1850°F and 
a gas flow rate of 11 per min Hz, was a more rapid 
reductant than carbon monoxide over the entire 2- 
hr reduction period studied. Reduction curves ob- 
tained using mixtures of the two gases are inter- 
mediate the reduction curves for the pure gases. A 
mixture of 50 pct Hz and 50 pct Nz reduced the pellet 
more rapdily than pure CO. Dilution of CO with 10 
and 20 pct COz markedly slowed down the reduction. 
The conclusion was made that in a reduction pro- 
cess with pelletized concentrates, the reducing at- 
mosphere should be as strong in hydrogen as pos- 
sible and that diluents such as carbon dioxide and 
nitrogen should be kept to a minimum. 

Curves for magnetite pellets, containing 3 to 10 
pct coke, and reduced with CO and CO diluted with 
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Fig. 2—Reduction vates of magnetite pellets contain- 
ing various amounts of coke with gases as indicated. 
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20 pet COz, are shown in Fig. 2. The coke analyzed 
91.75 pet fixed carbon, 7.6 pct ash, 0.65 pct vola- 
tiles, and 0.61 pct sulfur. These curves show that 
faster reduction rates were obtained with increas- 
ing additions of carbon, but the addition of as much 
as 10 pct coke did not compensate for the retard- 
ing effect of 20 pct CO2 in the reducing gases. In 
these reduction curves the initial reduction rate was 
much more rapid than the rate during the final 
stages of reduction. Obviously no single rate equa- 
tion could describe the reduction over the 2-hr per- 
iod studied. 

Effect of Gas Flow Rate on Reduction Rate: Pellets 
of hematite and magnetite concentrates reduced at 
1850 °F to an identical percentage of reduction ex- 
hibit interfaces at greatly different depths when re- 
duced with different flow rates of reducing gas. 
This effect is shown clearly for the hydrogen re- 
duction of magnetite in Fig. 3. An increase in the 
flow rate of Hz from 0.25 to 2.0 1 min™’ resulted in 
a greater penetration of metallization and the metal/ 
oxide interface was spread over a larger area of 
the pellet. Fig. 4 shows a traverse across the re- 
duced zone of Fig. 3a. 

The traverse shows the partially reduced zone of 
Fig. 3a. Although macroscopically (Fig. 3a) there 
appears to be a metal/oxide interface and the reduc- 
tion appears to proceed topochemically, the traverse 
reveals that the reduction is proceeding throughout 
what appears to be the reduced zone because of the 
porous nature of the pellet. Reduction of individual 
grains appears to be taking place topochemically 
over the traverse, which covers the entire distance 
of observed partial reduction of the iron oxide to 
metallic iron. 

An increase in reduction rate for magnetite and 
hematite as gas velocity increases is shown in Figs. 
5 and 6. The rate increase can be attributed to the 
reduction of a larger number of individual oxide par- 
ticles throughout the pellet interior. 

Hematite pellets fired at 2500° for 2 hr prior to 
reduction were reduced at approximately the same 
rate as unfired pellets reduced with hydrogen at 
1850°F, Fig. 6. Thus, the sintering operation did 
not greatly affect the macroporosity of the pellet. 
Initial and Final Reduction: If reducing gases dif- 
fusing through pores results in an increase in the 
observed rate of reduction, then the reduction of 
individual oxide particles should depend upon the 
maintenance of a high partial pressure of reducing 
gas in the pores. This effect was noted during the 
reduction of magnetite and hematite pellets with CO- 
CO, mixtures. Fig. 7 shows that the initial re- 
duction of surface oxide particles is not greatly 
affected by the gas composition. Surface oxide par- 
ticles are in contact with the gas stream of fixed 
composition. However, once gaseous equilibrium 
is attained in the pores by diffusion, it is evident 
that with 20 pct COz in the reducing gas mixture 
the partial pressure of CO in the interior of the pel- 
let is too low to maintain the initially more rapid 
rate of reduction. 

In all reduction tests performed on hematite and 
magnetite pellets, a decrease in the observed rate 


Fig. 3—Magnetite pellets, 50 pet reduction obtained 
with hydrogen. a) Top, flow rate of 0.25 l per min. 
b) Bottom, flow vate of 2 1 per min. Whitish areas 
of both are partially reduced iron oxide; blackish, 
unreduced iron oxide. X4, unetched. Reduced ap- 
proximately 23 pet in reproduction. 


of reduction was noted during the last 10 to 15 pct 
of reduction. Fig. 8, which is the first portion of 
the traverse of Fig. 4, shows small particles of un- 
reacted oxide in a matrix of metallic iron. These 
partially reduced oxide particles are left behind 
the apparent reduction interface during the initially 
rapid reduction. Also some particles are com- 
pletely reduced while others are only partially re- 
duced. The final decrease in reduction rate is at- 
tributed to the topochemical reduction of these small 
particles. 

Effect of Pellet Size on Reduction Rate: Pellets,, 
1.27 cm diam and 0.96 cm in height, were reduced 
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END 


Fig, 4—Tvaverse across the reduced zone of Fig. 3a. White areas are metallic iron; gray, 
iron oxide; and black, voids. X500, unetched. Reduced X2.77 for original reduction and 
further reduced approximately 33 pct in the volume veproduction. 
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Fig. 5—Reduction rates of magnetite pellets reduced Fig. 6—Reduction rates of hematite pellets reduced 
with Hp. with H,. 
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Fig. 7—Reduction rates of hematite and magnetite 
pellets reduced with CO and 80 pct CO-20 pct CO,. 


Fig. 8—First portion of traverse of Fig. 4, showing 
unreduced particles behind the apparent reduction 
interface. X500. Reduced approximately 32 pct for 
reproduction, 


to determine the effect of pellet size on reduction 
rate. Eight of the smaller pellets contained the 
same weight of removable oxygen but had twice the 
surface area of the standard 2.55-cm pellet. The 
same geometrical relationship holds for spheres. 
The increase in reduction rate shown in Fig. 9 is 
attributed to the increase in exposed surface area 
and reduced cross section of the smaller pellets, 
and consequently, greater gas to solid contact. 
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Fig, 9—Reduction rates of magnetite pellets with ELS 
pellet size as indicated. 


Comparison of Hematite and Magnetite Reduction: 
The observed reduction rate of hematite shows a 
definite increase over the reduction rate of mag- 
netite for all conditions studied in this investiga- 
tion. This result has been reported by others’’””® 
and appears to be due to the greater porosity of 
the wustite formed during the reduction of hema- 
tite. 

Complete reduction of magnetite was not ob- 
tained because of the slow reduction rate after 90 
pet reduction has been achieved. The effect of re- 
ducing gas flow rate on the initially rapid reduction 
of magnetite is lost after approximately 90 pct re- 
duction and the difference in final percent reduction 
is small (Fig. 5). 

Hematite does not show this retardation of re- 
duction until 95+ pct reduction has been achieved 
(Fig. 6). Hematite pellets which had been sin- 
tered in air at 2500°F for 2 hr exhibited no change 
in the initial reduction rate as shown in Fig. 6. The 
final relative reduction rate and percent reduction 
was, however, greater than that of unsintered hema- 
tite.° 


SUMMARY 


The reduction of porous hematite and magnetite 
pellets was studied at 1850°F with reducing gases 
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consisting of Hz and CO, and with reducing gases di- 
luted with CO2 and Nz. The effect of the addition of 
solid fuel to the pellet was also investigated. The 
reduction reaction was followed with a thermogravi- 
metric apparatus. The diffusion of reducing gases 
in porous pellets, dependent upon partial pressure 
and gas velocity, results in increased gas to solid 
contact and an initial rapid rate of reduction. Di- 
lution of the reducing gas with Nz or CO, slows the 
rate of reduction markedly because of the decreased 
partial pressure of the reducing gas within the pel- 
let. This decrease in rate can be partially offset by 
the addition of solid fuel to the pellet. Final reduc- 
tion of residual oxide particles appears to be rate 
controlled at the oxide-metal interface and takes 
place by topochemical processes. Similar reduc- 
tion stages were found with hematite pellets which 
were sintered at 2500°F prior to reduction. It ap- 
pears that an absolute reduction rate or a single 


490 


rate equation is not applicable to the reduction of 
porous iron oxide pellets. 
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SOME FACTORS INFLUENCING THE PHYSICAL 
QUALITIES OF IRON ORE PELLETS 


Blast furnace feed specifications are being revolutionized because of the 
large increase in iron pellet production from low-grade ores of the Lake 
Superior region. Recent laboratory findings aimed at a better understanding 
of factors influencing the physical quality of pellets produced From taconite 
concentrates are reviewed. Tests for determining better product quality, 
the effects of additives, and production factors are discussed. 


[= current revolution in specifications for blast 
furnace feed is typified to a great extent by the 
recent tremendous growth in iron ore pellet pro- 
duction from low grade ores of the Lake Superior 
region. Indeed, pellets are responsible, at least in 
part, for many of the stringent new requirements 
that are being placed on the suppliers of furnace 
raw materials. 

As the tonnage of pellets going to the steel mills 
increases, more and more attention is being turned 
to the detailed characteristics that make this product 
an ideal blast furnace feed. Control of quality in pel- 
lets is similar to that of any other product. A basic 
understanding of the factors that are encountered in 
their production, from the crude ore through to the 
finished product, is required, along with careful 
process supervision and frequent quality checks. 

Normally, chemical grade is not a problem. This 
usually can be controlled within the desired speci- 
fications by minor operating variations in the con- 


Table |. Structure and Chemical Analysis 
of Taconite Concentrates 


Structure Analysis 


Product Size, Mesh Pct Wt Concentrate Assay Pct 
+ 28 0.08 Fe 64.91 
+ 35 0.08 P 0.006 
+ 48 0.08 SiO, 7.98 
+ 65 0.31 Mn 0.26 
+ 80 0.08 Al1,O, 0.18 
+100 0.15 CaO 0.31 
+150 0.38 MgO 0.19 
+200 3.30 
+325 11.67 
—325 83.87 
Total 100.00 
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centrator. While future changes in requirements 
may result in the need for self-fluxing pellets} or 
other chemical changes, today’s quality demands 
center primarily around the physical characteristics 
of the pellets. 

It is in this area that many of the recent labora- 
tory studies have proven helpful to the operating 
plants. A better understanding of the physical fac- 
tors involved in pelletizing has provided the basis 
for a continuing program of quality improvement. 

Tigerschiold and moni? and Cooke with various 
associates’-® are responsible for the development 
of much of the basic understanding of the pelletiz- 
ing process. These earlier findings have served as 
a most useful background for this work. 


LABORATORY PROCEDURES 


Magnetite concentrates produced from eastern 
Mesabi Range magnetic taconites were used for all 
of the work reported herein. The sizing and chemi- 
cal analysis of a random sample are shown in Table 

Additives usually are mixed with the concentrates 
in taconite plants before pelletizing to improve the 
strength characteristics of the unfired balls. Ben- 
tonite, soda ash, and coal are in common use. The 
bentonite used in these studies was of the Wyoming 
sodium type; the soda ash was a standard commer- 
cial brand. Anthrafines were used where coal was 
called for. 

The procedure for making batches of balls at the 
Hibbing Laboratory is as follows: In an especially 
designed mulling equipment 2800 g of dry ore are 
mixed for 10 min with the desired additives. Water 
is added and mixing continued for 1 1/2 min. The 
charge is removed from the muller and put through 
a mechanical shredder to break down any lumps 
that may have formed. Sixty previously formed seed 
balls are placed in the balling drum, which is in fact 
a 6 X 16-in. diam airplane tire turning at 53 rpm. 
Two thousand grams of the shredded concentrate and 
additive mix are fed by hand into the tire at a con- 
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Fig. 1—Batch balling unit. 


trolled rate. The resultant product is 60 almost per- 
fectly formed 1-in. diam balls. When smaller balls 
are desired, the number of seeds is increased but 
the concentrate weight and forming time are kept 
constant. 

The standard procedure for firing the balls is to 
first dry them for 24 hr in a ventilated oven at 250°F. 
The dry balls then are placed in a muffle furnace and 
brought up to the desired temperature, normally 
2350°F, over a period of 2 hr. They are held at this 
temperature for 1 hr. The heat is then shut off and 
the pellets allowed to cool in the furnace to under 
500°F before removal. 


PHYSICAL QUALITY TESTS 


The following tests are used to determine green 
and fired product quality: 
Green Ball Drop Test: In this test 10 newly formed 
balls are each dropped 18 in. onto a steel plate until 
they rupture. The green ball drop number is the 
average number of drops required to break each of 
the 10 balls. 
Green Ball Compression Test: A Dietert core-test- 
ing machine designed to apply a pendulum- mounted 
compressive force is used to determine the compres- 
sive strength of the green balls. The green compres- 
sion strength is the average breaking point of 10 
balls. 
Dry Ball Compression Test: This test is identical 
to the Green Compression Test except that the balls 
are first dried at 250°F for 24 hr. 
Fired Compression Test: After firing, 20 pellets 
are broken individually in compression on a hydrau- 
lic jack and the force required to break them is read 
in pounds of pressure on a suitable hydraulic gage. 
Present procedure calls for placing pads of fiber 
board between the faces of the jack and the pellet to 
compensate for surface irregularities in the pellets 
and to eliminate point contact. 


CONCENTRATE SURFACE AREA 


Tigerschiold and Ilmoni? have called our attention 
to the fact that the mean surface area of the concen- 
trates used in the pelletizing process is of consider- 
able significance in determining the green strength 
of balls, all other factors being equal. 
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Fig. 2—Variation in structure and surface area with 
grind. 


The Blaine air permeability apparatus as de- 
scribed in ASTM Bulletin C204-55° was used at Hib- 
bing to investigate additional aspects of this problem. 
This unit consists essentially of a means of drawing 
a definite quantity of air through a prepared bed of 
fine material. The number and size of the pores in 
such a bed is a function of the size of the particles 
and determines the rate of air flow through the bed. 
The specific surface area of the sample can be cal- 
culated from the rate of air flow. 

A sample of taconite concentrates was ground in 
a laboratory ball mill for periods of time ranging 
from 0 to 30 min in 5-min increments. Measure- 
ments of surface area were made on each product. 
The percentage of —325 and —500 mesh was also de- 
termined by careful wet mechanical screening (Fig. 
2). Balls were made and fired from each of the var- 
ious grinds. 

Whether measured by surface area or sizing anal- 
ysis, not only the green compression strength but 
also the green drop and fired compression strength 
increased with the finer grinds. The dry compres- 
sion strength decreased, however (Fig. 3). It should 
also be noted here that resistance to thermal shock 
decreases with finer concentrate structure (see 
subsequent section on Pellet Degradation). 

It is probable that surface area rather than siz- 
ing at 325 mesh is a more reliable method of pre- 
dicting the balling characteristics of a given concen- 
trate. This point is of utmost significance in plants 
operating close to the critical surface area required 
for ball formation. 


BENTONITE AND SODA ASH 


The products that have been investigated as pos- 
sible binders in the pelletizing process number in 
the hundreds. In spite of this competition, one of the 
earliest tried — bentonite — has held its position as 
the most economical, effective additive. Others have 
provided equal or perhaps slightly better physical 
properties, but in the Lake Superior area none have 
met the economic test as well. 

Fig. 4 shows the effect of different quantities of 
bentonite on the physical qualities of 1-in. diam 
balls. Increased bentonite additions materially im- 
prove the green and dry compressive strength. In- 
creased bentonite also adds greatly to the ability of 
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Fig. 3—Variation in ball quality with increased sur- 
face area of concentrates. 


green balls to withstand dropping. The addition of 
soda ash with the bentonite improves the strengthen- 
ing characteristics of the bentonite considerably in 
the dried balls. 

It had been thought that the soda ash was effective 
primarily due to pH control. However, using lime 
for pH control did not give satisfactory results. It 
is now recognized that the gelling powers of the ben- 
tonite are improved by the addition of sodium and 
hydroxyl ions, and interfered with by calcium ions 
(Fig. 5). It will be noted that optimum points for 
soda ash or caustic soda additions exist, which if 
exceeded will result in decreased ball quality. 


COAL 


Coal is used as an additional source of heat in 
most of the commercial pelletizing plants. Its low 
ignition point serves to spread the heat more rap- 
idly and evenly over the entire cross section of the 
pellet bed. 

Ban and Erck’ have pointed out that coal added in- 
ternally to balls rolled from artificial hematite will 
abstract oxygen from the ore since gaseous diffu- 
sion lags behind heat transfer. It becomes obvious 
that coal added internally to balls made from mag- 
netite concentrates will slow down the normal oxi- 
dation process that is so essential to good pellet 
bonding. 

Fig. 6 shows the results obtained from recent 
tests using magnetite concentrates and varying a- 
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Fig. 4—Variation in ball quality with bentonite and 
soda ash additions. 


mounts of fine anthracite coal. Increased quantities 
of internal coal result in a marked decrease in 
fired compressive strength and a related increase 
in ferrous iron content. When the same quantity of 
coal is rolled on the outside of the balls, the effects 
are considerably smaller. 

Microscopic examinations of sections of pellets 
made with and without internal coal show three sig- 
nificant differences. Those with coal show a con- 
siderably higher slag content, probably due to the 
late preservation of the magnetite, making ferrous 
iron available to unite with the silica to form a fay- 
alite slag with a low melting point (2201°F). 

As a result of the burning out of the coal and of 
increased slag formation, the internal structure of 
the pellet is more extensively pocketed with holes 
than pellets without coal. 

Pellets made with 20 lb of internal coal, per long 
ton of concentrates, possess greatly enlarged areas 
of uniform crystal orientation, averaging about 50 
times the size of those in pellets made without coal. 
Detailed examination of these larger hematite crys- 
tal domains shows that a slag boundary is commonly 
present. This condition can be attributed to a dis- 
placement of slag from between the original grains 
to the boundaries of these areas as the larger hema- 
tite crystals take form. 

Fig. 7 shows a typical section of a pellet made 
with no coal. Under polarized light and magnified 
25 times, the hematite crystal domains are seen as 
a finely speckled pattern. At 310 magnifications un- 
der polarized light, most grain fragments are seen 
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pellet strength and ferrous iron content. 
growth at the expense of the hematite bridging net- 
Aja el work. The fine pores have coalesced into fewer, 
larger voids. 
The lower strength of the pellets made with coal 
10.78 pH additions can therefore be attributed to these fac- 
z — om 3 feces tors: 1) extensive slag formation, which is known to 
caustic z provide a weaker bonding than a normal hematite 
tine bridging network; 2) large internal voids, which are 
obviously detrimental to product quality; and 3) of 
ION possibly greatest importance, large, elongated 
TEST DRY hematite crystal domains with their associated slag 
boundaries, which cannot furnish as strong an inter- 


locking fiber as the smaller intragrain domains en- 
countered in pellets without coal additions. To the 
contrary, they provide long, weak, shear planes that 
are subject to early failure under load. 


POUNDS/S.T. POUNDS/S.T. 


Fig. 5—Effect of varying quantities of soda ash, caus- 
tic soda, or lime on ball quality. Bentonite constant 
at 12 lb per short ton. BALL SIZE 
to be comprised of several crystal domains with 
varied orientation. A good network of grain bridg- 
ing is evident. 

Fig. 8 shows a section of a laboratory fired pel- 
let made from similar concentrates with 20 lb 
of coal per long ton added before balling. Even at 
25 magnifications the hematite crystal domains 
are seen to be extensive in size and to encompass 
many grain fragments. When examined under 310 
magnifications, the effect of the increased slag 
formation and more advanced stage of crystal de- 
velopment is evidenced by more discrete grain 


Increased use of pellets as blast furnace burden 
has not only pointed up the advantages to be gained 
from their higher iron content but also the improve- 
ments in production resulting from increased bed 
permeability due to their uniformity of size. To in- 
sure the latter condition, pellets must be delivered 
to the furnaces as a high percentage of whole balls 
with a minimum of dust and chips. 

Ilmoni and Uggla, as quoted by Tigerschiold,® have 
indicated that the compressive strength of green and 
dried balls per square inch of cross-sectional area 
is about equal for large and small balls. Our findings 


Fig. 7—Pellet fired at {oe 


2350°F with no coal added. 
A) Left: Crossed nicols. 
X25. B) Right: Crossed 
nicols, X310. Note that in 
7B individual grains fre- 
quently are made up of 
two or more hematite 
crystal domains of 

varied orientation. Good 
bridging is evident. 
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are contrary to the extent that, if large and small 
balls are formed over equal periods of time, the 
smaller balls will invariably show greater green 
compressive strength per square inch of cross-sec- 
tional area (Table II). 

The smaller green balls also showed greater re- 
sistance to drop. The fired compressive strength 
per unit of area was considerably higher for small 
balls, probably due to their better compaction in 
forming and more optimum size for firing. Assum- 
ing equal firing time, the increased surface area 
with smaller diameter balls obviously results in 
earlier oxidation to the core and more time for in- 
ternal structure growth. 

As a further point in selecting a pellet size that 
will best withstand shipment with minimum degrada- 
tion, it can be assumed that smaller balls with their 
lower unit mass will withstand dropping and handling 
better than large ones. 


BALL FORMING TIME 


Previous investigators have made brief reference 
to the fact that forming time is significant to green 
ball crushing strength. 

To provide a basic understanding of the effects of 
forming time on other aspects of product quality, 
test work was conducted which resulted in the de- 
velopment of the graphs shown in Fig. 9. In these 
tests the rate of ball growth was controlled by the 
uniform addition of new feed over several time in- 
tervals between 4 and 12 min. Within this range, as 


Table II. Physical Qualities vs Ball Size 


Test 3/4-In. Pellets 3/8-In. Pellets 

Fired Compression Strength 

Lb 3194 1716 

Psi 7226 15461 
Green Drop No. 7.78 10.54 
Green Compression Strength 

Lb 3.67 

Psi 33:1 
Dry Compression Strength 

Lb 37.59 9.14 

Psi 85.0 82.3 


Fig. 8—Pellet fired at 
2350°F with 20 lb per 
long ton of internal coal. 
A) Left: Crossed nicols. 
X25, B) Right: crossed 
nicols. X310. Note the 
areas of uniform crystal 
orientation that encom- 
pass many hematite 
grains. The black areas 
are voids, The bound- 
aries between three 
areas ave shown in 8B. 


forming time was increased, all tests for ball qual- 
ity improved, including the all-important fired com- 
pression strength. These tests also showed that 
moisture content can be a significant factor in de- 
termining ball quality. 


PELLET DEGRADATION 


The obvious sources of pellet degradation are ab- 
rasion, crushing, and cracking. With the exception 
of pellets that have not been completely fired, crack- 
ing is probably the origin of the majority of any ob- 
jectionable fines encountered in the product as 
charged to the blast furnace. 

The study of cracking must go back to the green 
balls where cracks can be found in balls deformed 
by external physical forces. If the deformation is 
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Fig. 9—Effect of forming time on ball quality. 
495 


== 


drying. 


not extensive the cracks will frequently heal on fir- 
ing, and normal pellet strength will develop. 

The most commonly encountered cracks are due 
to internal moisture in the balls vaporizing more 
quickly than it can escape through the available 
pores. The result is a minor explosion, rupturing 
the shell of the ball, as illustrated in Fig. 10. 

Heating the balls too rapidly from the dry state 
to the fired state results in another type of crack- 
ing as internal stresses act to form the onion ring 
effect pictured in Fig. 11. This and other stages of 
thermal shock are usually associated with a com- 
bination of mechanical and chemical changes. Check- 
ing, or spalling, is the result of anextreme thermal 
gradient from the interior to the surface of a pellet 
during either the heating or cooling cycle. Pellets 
air-quenched at ambient temperature from 2350°F 
showed checking. Water quenching from the same 
temperature resulted in spalling. 

Gruner® states that oxidation of magnetite to hem- 
atite results in a 5.2 pct increase in volume. Dry 
balls heated under oxidizing conditions at a fairly 
rapid rate show fine radial cracking at 1600°F. In 
addition to thermal stresses, the expansion on oxi- 
dation is believed to contribute to the factors that 
resulted in crack formation. 

As an alternative to rapid heating, any condition 
that reduces the rate of internal oxidation will pro- 
mote the separation of shell and core. Ban and 
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Fig. 10—Cracks formed 
due to excessive vate of 


Fig. 11—Cyracks formed 
due to excessive rates of 
heating or cooling dry 
balls. Balls were placed 
in furnace at 2350°F af- 
ter drying and held for 1 
hr. B’s were cooled 
slowly in the furnace; C’s 
cooled at room tempera- 
ture. Photographs re- 
duced approximately 5 
bet in reproduction. 


Erck’ describe a duplex structure resulting from 
the formation of coarse magnetite crystals in the 
core of heated balls. They point out that the pres- 
ence of internal coal can be a contributing factor by 
extracting oxygen from the ore. Cooke and Ban‘ cite 
decreased permeability due to the early development 
of a hematite shell. 

When magnetite is present at higher temperatures, 
ferrous iron is available to unite with the silica and 
form a slag. The slag thus formed may develop suf- 
ficient internal pressure to break through the thin 
outer shell of the pellet. These conditions frequently 
lead to chunk formation in addition to the cracks as 
the sticky slag comes in contact with adjacent balls 
(Fig. 12). 

The effects of thermal shock were measured on a 
relative basis in the laboratory by heating balls at 
varying rates. Fig. 13 shows the equipment used. 

The basket was filled with balls and lowered into 
the furnace at a controlled rate. While the rate of 
descent was varied, the time at temperature and the 
rate of withdrawal were held constant. All balls 
were examined on removal for signs of breakage, 
then subjected to a special tumble test in a 12-in. 
diam drum. The product after tumble was screened 
to obtain comparative data. 

The data shown in Table III indicate that the fol- 
lowing conditions will increase the adverse effects 
of thermal shock on product quality: 1) increased 
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Table III. Results of Thermal Shock Tests 


Additives Before After Tumble Screen 
. n. ct escent Tumble Pct Analysi 
Mesh in Lb Lb Soda Ball Moisture Rate, In. Unbroken 
°. oncentrate Bentonite Ash Other Size Content per Min. Pellets +3 -3 +10 -10 
1 
1% 100.00 99.85 0.15 99.94 0.06 
70.88 12 1 10.1 55.60 98.26 1.74 98.58 1.42 
3 33.30 80.98 19.02 93.12 6.88 
4 10.2 1% 77.80 97.37 2.63 97.79 SPAN 
5 76.63 12 ets: - 1 10.2 2, 55.60 91.81 8.19 94.55 5.45 
6 LOS 3 22.20 80.48 19.52 92.99 7.01 
7 1¥%, 44.40 91.92 8.08 94.62 5.38 
8 100.00 12 LS _ 1 10.8 2 0.00 80.39 19.61 87.94 12.16 
9 3 0.00 77.61 22.39 87.31 12.69 
10 10.0 1% 100.00 100.00 - 99.72 .28 
11 76.63 12 is: _ 3/4 10.0 2 85.00 96.76 3.24 98.01 1.99 
52 10.1 3 70.00 92.07 7.93 96.00 4.00 
13 1% 100.00 100.00 - 99.77 0.23 
14 76.63 12 15 _ 172 10.0 2 100.00 100.00 - 99.77 0.23 
15 3 98.00 98.14 1.86 98.73 127 
16 1% 44.40 96.13 3.87 97.69 DEY 
17 76.63 12 1 33.30 86.26 13.74 90.39 9.61 
18 3} 0.00 68.82 31.18 85.37 14.63 
19 1% 66.70 96.88 See 97.93 2.07 
20 76.63 6 cS = 1 10.1 2 33.30 85.23 14.77 91.24 8.76 
21 3 11.10 68.65 Bleed 89.25 10.75 
22 10.2 1% 77.80 98.77 1223 99.33 0.67 
23 76.63 18 15 ~ 1 10.1 Dy 55.60 94.19 5.81 97.16 2.84 
24 LOS 3 44.40 81.94 18.06 92.82 7.18 
25 1% 100.00 99.63 0.37 99.71 0.29 
26 76.63 24 15 - 1 10.4 2 100.00 98.43 157 98.94 1.06 
27 3 88.90 83.23 16.77 92.60 7.40 
28 8 pct 1% 100.00 99.88 0.12 99,96 0.04 
29 76.63 12 185 —10 Mesh 1 10.1 2 88.90 99.45 0.55 99.57 0.43 
30 Chips 3 88.90 96.55 3.45 97.72 2.28 


rate of heating, 2) finer concentrate structure, 3) 
increased ball size, 4) increased moisture content, 
and 5) reduction in bentonite addition. 

In some plants, chips screened from the fired 
pellets are ground finer in a ball or rod mill and 
added to the concentrates before balling. The ad- 
dition of this material reduces the effect of thermal 
shock, probably due to greater ball permeability, as 
shown by tests 28 through 30. 


SUMMARY 
This paper reviews some of the recent laboratory 


Fig. 12—A) Left: Shows 
point of fusion of two ad- 
jacent pellets due to slag 
breaking through the ex- 
ternal shell. X3,. B) Right: 
Shows breakthrough mag- 
nified X300. Note that 
grains of hematite form 
new outer shell; intern- 
ally the slag has pro- 
moted discrete gvain 
growth at the expense of 
any continuous hematite 


network. 


findings that are leading to a better understanding 
of the factors influencing the physical quality of pel- 
lets produced from taconite concentrates. 

Surface area measurements offer distinct possi- 
bilities as a tool for predicting product quality. As 
the surface area of the concentrates increases, the 
wet compressive strength, wet drop test, and fired 
compressive strength increase. Dry compressive 
strength and resistance to thermal shock decrease. 
Surface area should be controlled to provide a sat- 
isfactory balance between these conditions. 

Bentonite and soda ash have proven to be the most 
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Fig. 13—Thermal shock test furnace. 


acceptable additives for use in physical quality con- 
trol in the green and dry state. Twelve pounds of 
bentonite and 1 1/2 lb of soda ash per short ton of 
concentrates have been accepted in the laboratory 
as standard additions. Increasing the quantity of 
soda ash beyond this amount may result in a poorer 
product. 

Test work has clearly confirmed earlier reports 
that coal, when mixed with the concentrates before 
balling, is detrimental to fired pellet quality. This 
can be attributed to the following three factors: 1) 
increased slag formation, 2) more extensive internal 
holes, and 3) larger internal hematite crystal do- 
mains. 

Smaller balls with their greater surface area and 
greater strength per unit of cross-sectional area 
offer better possibilities of withstanding the physical 
hardships encountered in shipment. 

Both moisture and forming time are important 
factors in determining the quality of the ultimate 
product. Any given concentrate will have an opti- 
mum moisture content for optimum ball formation 
which is directly related to the additives used and 
the surface area of the concentrates. Increasing 
the forming time of the balls results in improve- 
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ment in their physical qualities, which is also re- 
flected in improved fired pellets. 

Cracks in pellets invariably lead to degradation 
in handling. They can be classified into two gen- 
eral types: load and thermal. Load cracks are 
formed in the green state when physical forces are 
sufficient to cause the balls to deform and crack. 
Thermal cracks occur due to rapid expansion of in- 
ternal gases on heating or the setting up of exces- 
sive internal stresses. 

The following factors were found to increase 
thermal cracking in pellets: 1) increased rate of 
heating, 2) finer concentrate structure, 3) increased 
ball size, 4) increased moisture content, and 5) re- 
duction in bentonite addition. 
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NEW SINTERING PROCESS (SEMI-PELLET) 


FOR FINE IRON ORES 


The ‘‘semi-pellet’”’ sintering method developed and currently being used at 
the Fuji Iron & Steel’s Hirohata Works is discussed. It is shown that the 
method makes fine-sized material easily sinterable and increases sinter 
production. The operation can be incorporated readily into conventional 


sintering plants. 


S intering plant raw materials currently being used 
in the Hirohata Works consist of 40 pct pyrite cin- 
der, 40 pct fines resulting from crushing and screen- 
ing of imported ores, and 20 pct others, such as mill 
scale and iron sands. Pyrite cinder, a major com- 
ponent in the sinter feed, has been getting finer since 
1952, due to the increased grinding required for the 
improvement of the results in the iron sulfide flota- 
tion and to the adoption of FluoSolid roasters in sul- 
furic acid plants; some fines pass 100-mesh sieve al- 
most completely. Increased use of the fine-sized py- 
rite cinders in the sinter raw mix resulted in such 
difficulties as decreased bed permeability, uneven 
firing conditions, and low yield. 

In an attempt to study the cause and to find a rem- 
edy for this problem, a series of experiments were 
made, using an 80-kg experimental sintering pan. As 
a result it was established that, by rolling the fine- 
sized pyrite cinders into small balls of 10 to 3 mm 
diam (hereafter called semi-pellets) and mixing 
them into the sinter raw mix, the bed permeability 
was improved, the sintering time shortened, and the 
yield and production rate increased. It is proposed 
that this new method be called the semi-pellet sin- 
tering. 

In recent years the pelletizing process has taken 
the spotlight in the agglomeration field for treating 
fine-sized ores here in Japan as well as in the U.S. 
and Europe. This process produces pellets suitable 
for the blast furnace charge as such, and consists 
of three major operations: fine grinding, balling, 
and firing. With regard to the firing technique, 
some problems still appear unsolved. 

In the semi-pellet sintering, however, several ad- 
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vantages can be claimed: the balling operation is 
relatively simple because only small-sized balls 
are shown to be acceptable and the operation can be 
readily incorporated into the conventional sintering 
plant, since only balling, not grinding or firing, 
equipment is needed. 

Basic test work on the process was initiated in 
1954 and favorable results were obtained. Accord- 
ingly a pilot plant was built in 1955 and the test 
work was continued. The semi-pellets thus pre- 
pared in the pilot plant were tested further by us- 
ing them in the actual sintering pan and their bene- 
ficial effects ascertained. 

In late 1956 a drum-type balling machine (2.44 m) 
was installed and it went into operation in April 1957 
in conjunction with the Greenawalt sintering plant (8 
pans having dimensions of 7.2 m in length, 3 m in 
width, and 0.3 m in depth). In October 1958 a cone- 
type pelletizer, with a 2.2 m diam, and later a disk- 
type pelletizer were further added in the plant. In the 
DL sintering plant (2000 tpd), newly built in July, 
1960, four disk-type pelletizers (3.2 m diam, 10 tph 
capacity) were installed. By mixing the semi-pel- 
lets thus prepared with the feed, the sintering oper- 
ation was found to be greatly improved. The results 
of the basic test work, and the equipment and oper- 
ation of the semi-pellet sintering operation at the 
Hirohata Works will be described. 


ON THE SINTERING CHARACTERISTICS 
OF FINE-SIZED PYRITE CINDERS 


To ascertain the effect of addition of fine-sized 
pyrite cinders on the sintering characteristics, a se- 
ries of measurements on bed permeability was car- 
ried out by varying the size distribution of pyrite 
cinders. The composition of the raw mix used in the 
tests was fixed at 50 pct pyrite cinder, 20 pct Larap 
magnetite fines, 30 pct sinter return, and 5 pct coke; 
only the size distribution of the pyrite cinder was 
varied. Also the moisture content was changed at 
each size distribution. The results are given in Fig. 
1. For all pyrite cinders tested the bed permeabil- 
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ity increases as the moisture content is raised un- 


til it reaches an optimum value with respective size 


groups, and then it decreases. As the particle size 


becomes finer, the optimum amount of moisture re- 
quired increases and simultaneously the bed perme- 


ability is lowered. 


The composition of the raw materials was kept 


constant except for the pyrite cinder, which was re- 
placed with 10 mm of —4 mesh crushed pyrite lumps 


together with varying amounts of fine-sized pyrite 
cinder (-100 mesh) and precipitation product from 


the decopperization plant to the extent of 0 to 50 pct. 


Table |. Experimental Results Obtained from a 
Greenawalt Sintering Pan 


Test No. 
1 2 3 4 
Amount of semi-pellet, pct 0 10 20 30 
Sintering time, min 40 36 33 32 
Max. suction, mm w.g. 1580 1520 1430 1390 
Permeability, BPU 5a 58 68 105 
Size Grading of Raw Mix, Pct 
+10 mm 
mm — 
8.0 10.1 11.7 11.5 
4 meh — mesh 17.0 19.6 20.5 27.2 
9 mesh — 16 mesh 12.8 12.4 14.9 19.1 
16 mesh — 32 mesh 10.4 10.5 11.9 12.4 
32 mesh —60 mesh 13.0 L223 
60 mesh — 100 mesh 16.1 12:5 5.5. 
—100 mesh 22.7. 21.8 16.8 10.5 
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Fig. 2—Effect of amount of fine pyrite cinder on the 
velocity of air suctioned. 


Sintering tests were made with the 80-kg pan. Fig. 2 
shows the results of the measurements of the wind 
volume. As seen in the figure the increase in the 
amount of fines resulted in a decrease in the wind ve- 
locity in the initial stage, in the rate of sintering, and 
in the wind volume. 

The results of the sintering tests, as shown in Fig. 
3, indicate that the sintering time increased, the yield 
decreased, and many of the sintering characteristics 
lowered as the addition of fines increased. Although 
both —100-mesh pyrite cinder and the precipitation 
product were shown to possess similar size distribu- 
tion, yet the precipitation product gave invariably 
superior results as shown in Fig. 3. The cause of this 
may be found in the hydrating tendency of the precipi- 
tate; thereby the fine particles congelate to form rel- 
atively large balls. The apparent size of the raw mix 
is increased and the bed permeability is improved. 


SINTERING TESTS WITH SEMI-PELLETS 


In the previous section a beneficial effect of adding 
water to the fines in order to form small balls (thus 
improving the apparent size consist of the raw mix 
and the bed permeability) was discussed. Using the 
fine-sized pyrite cinders as raw materials with 1 to 
3 pct slaked lime as an additive, the mix was shown 
to roll readily in a pot mill into small pellets (semi- 
pellets) of the order of 10 to 3 mm diam. Fig, 4 
shows the results of the sintering tests using the 
semi-pellets thus prepared. The raw mix was com- 
posed of 30 pct imported fines, 10 pct mill scale, 10 
pet iron sand, and 50 pct pyrite cinder, in which the 
pyrite cinder was added as such in one series of 
tests and as semi-pellets in another. In the mix 
the amounts of return and of coke were kept con- 
stant at 30 and 50 pct, respectively. 

As the proportion of the semi-pellets increased in 
the mix, it was noted that the bed permeability was 
improved, the sintering time shortened, the yield 
and the drop strength increased, and the production 
rate was greatly improved. Fig. 5 shows an example 
of the sintered product containing a large amount of 
semi-pellets. When the amount of semi-pellets used 
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Fig. 3—Comparison of results using fine pyrite cin- 
der (—100 mesh) and precipitation products from the 
decopperization plant. 


in the mix was small, the remnant shape of the semi- 


pellets was not evident. 
Since, from the batch experimental tests, a bene- 


ficial effect of the semi-pellet sintering on the treat- 


ment of fine-sized pyrite cinders was noted, a pilot 
plant was built for further tests. Various factors 
involved in the semi-pellet production were checked 
and necessary data on its industrialization were col- 


Table II. Results of Sintering Test with an 80-kg Pan 
Using the Same Raw Mix as Table | 


Test No. 
1 2 2 4 
Amount of semi-pellet, pct 0 10 20 30 
Sintering time, min 23 21 20 17 
Yield, pct 50 49 69 72 
Yield/sintering time 3.4 
Drop strength, pct 63 62 74 16) 
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Fig, 4—Results of semi-pellet sintering tests with 
80-kg pan. 


lected. Table I shows the results obtained in the 
Greenawalt sintering plant using the semi-pellets 
produced in the pilot plant, and Table II shows the 
results obtained with the batch sintering pan using 
the same raw mix. 

Similar to the results of the batch sintering tests, 
a pilot plant operation proved successful in eliminat- 
ing the detrimental effect of fines and in improving 
the sintering characteristics of the raw mix. There- 
fore it was decided to incorporate this process in the 
plant operation. 


PRODUCTION OF SEMI-PELLETS 


In producing semi-pellets the ore fines are mixed 
in a pug mill with a binder in the amount ranging 1 to 
3 pet. Water was then added to the mixture and rolled 
into balls in a pelletizer, for which an appropriate 
disk slope and speed of rotation were selected. 
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regular pellets in the ease of their production and 
control. Since the process aims at making small Fig. 6—Relationship between size and strength of 
glomerules, fine grinding is not required; products the semi-pellets. 


with high strength can be attained easily; and further, 
there are no strict requirements on the size consist 
of the rolled products. 

In the following sections the effects on various fac- 
tors involved in the production of the semi-pellets — 
the product size, binder, size consist of raw mate- 
rials, operating conditions of pelletizers, and the 
comparison of different types of pelletizers —are 
discussed. 

Semi-Pellet Size: Using the semi-pellets, prepared 
from fine-sized pyrite cinders as raw materials, the 
relation between the size and the drop strength was 
ascertained. The results are presented in Fig. 6. As 
the pellet size increases, the strength is seen to de- 
crease, and vice versa. 

To ascertain the optimum size of semi-pellets as 
a sintering feed, a series of tests were run by vary- 
ing the semi-pellet size into three groups of 15 to 10, 
10 to 5, and -5 mm. The results are given in Fig. 7. 
It is evident from the figure that the optimum size 
range is 5 to 3 mm. 

Since the semi-pellets should be strong enough to 


withstand the transport after preparation and sub- 
sequent mixing with other sinter raw materials, it 
may be concluded that 5 mm is the optimum size, 
considering both strength and sintering behavior of 
the pellets. 

From actual operations it was observed that some 
breakage occurred during transportation and mixing, 
and thus a conclusion was reached that 10 to 3 mm 
balls would best meet the present requirements. 
Binder: Approximately 1 to 3 pct of a binder is added 
to facilitate balling operation and also to improve the 
strength of the semi-pellets. For binder materials 
slaked lime, bentonite, etc. have been tested. Ben- 
tonite appears to give higher strength as compared 
to slaked lime. A few examples of the test results 
are given in Fig. 8. 

Raw Material Types: Fine-sized pyrite cinders are 
used as major raw materials for preparing semi- 
pellets. There are approximately 10 to 20 different 
types of pyrite cinders currently being purchased 

at the Hirohata Works, and they can be classified into 
three groups according to the size consists: A, B, 
and C in the decreasing order. Group C is used to 
Table III. Size Analyses of Raw Materials Used for Semi-Pellets prepare the semi-pellets. As shown in Table III 
group B is considerably coarser than Group C and is 


Size (Mesh) not pelletizable by itself. Mixing with Group C 
+4 4t032 32to100 100to 200 -200 makes it possible to use it for preparing the semi- 
6 a pellets, but the amount is limited to about 50 pct. 
PyiteveinderG 5 3 12 - In recent years magnetite fines, such as Texada 
Fidewaghentaoc and Hong Kong, are being imported. Their size 
Texada 10 43 22 25 analyses are given in Table III. Experience showed 
Fine magnetite ore, that the fi iffi i = 
Fe CRIIOS oup B pyrite cinders, but they can be 
Gan 15 50 25 10 made pelletizable by mixing with fine-sized pyrite 


cinders. Fig. 9 shows the relation between the 
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Fig. 7—Results of sintering tests as a function of 
semi-pellet size. 


strength and moisture content using different pro- 


portions of fine-sized pyrite cinders and Texada mag- 


netite fines. It is seen in the figure that as the 


Table IV. Comparison of Pelletizers 


Type of Pelletizers 


Drum Disc Cone 
Balling operation Difficult Easy Easy 
Strength of semi-pellets Weak Strong Strong 
Optimum moisture content High Low Low 


Size Distribution of Semi-Pellets, Pct 


+10 mm 5 0 0 
10 to5 mm 15 40 10 
5 to3 mm 60 60 90 
—3 mm 20 0 0 
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Fig. 8—Knocking strength as a function of binder 
addition. 


amount of the Texada fines increased the strength 
of the simi-pellets decreased. It is noted, however, 
that the optimum moisture content gradually de- 
creased. In the plant operation this material is cur- 


Table V. Effect of Addition of Semi- Pellet and 


Pyrite Cinders on Sintering Operation 


Test No. 
1 2 3 4 5 6 7 
Amount of semi- 
pellet, pct 0 0 10 10 15 15 20 
Fine pyrite cinder W Uf 12 12 17 
Fine hematite 
Goa 3 3 3 3 3 


Pyrite cinder ad- 
ditive, coarse 15 20 18 20 15 20 11 


Pyrite cinder ad- 


ditive, fine 24 19 14 12 12 7 11 
Amount of coke 

breeze 4.2 4.35 4.0 4.3 4.0 4.0 3.9 
Burden of pan, 

tons per pan 8.75 9.55 9.82 10.54 9.66 10.37 10.26 


Production of sin- 
ter, tons perpan 5.81 6.28 6.55 6.99 6.56 7.02 6.94 


Yield 66749 65:8) 06.3. 


Coke consump- 

tion, kg per ton 

of sinter 66 70 64 67 61 60 60 
Drop strength, pct 74.4 73.9 80.9 82.1 75.6 79.8 77.9 


Fines screened, 


Fines screened, 


—5 mm pct 10.2 4.7 4.2 Pap So) 4.8 4.1 
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rently being used by mixing with fine-sized pyrite 
cinders to the extent of 30 pct. 

When an ore is clayey, a certain amount of rela- 
tively coarse lumps could be tolerated by mixing 
with fines. In this case the fines stick readily on 
the lumps and satisfactory pelletizing operation was 
observed. This is just the case for the Goa hema- 
tite ore and actually is being used in the plant oper- 


ations. 


Conditions for Pelletizing Operation: Operating con- 
ditions differ depending on the type of pelletizers 
used, but, in general, semi-pellets could be prepared 
readily when the pelletizer rotated at faster speed 
and with an inclination greater than those for the 
preparation of regular pellets. 

Coating of the walls of the pelletizer with the raw 
mix was required for a successful operation. Opti- 
mum amount of moisture depends on the size consist 
and properties of the raw materials, and it is neces- 
sary to regulate it accordingly. With a drum-type 
pelletizer the moisture content tends to exceed the 


optimum. 
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Fig. 10—Size distribution of charge materials in a 


balling drum. 


To investigate the process of balling in a drum- 


type pelletizer, the rotation of the drum was stopped 
during operation, a sample was taken from the mate- 
rial in the drum, and the size distribution determined. 


Typical results are given in Fig. 10. 
Comparison of Pelletizers: Detailed investigation 
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Fig. 11—Effects of changes in vacuums and flue 
temperature on the sintering process. 
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Fig. 12—Layout of the 2000-tpd Dwight-Lloyd 
sintering plant at Hirohata Works, Fuji Iron & Steel 
Co. Lid. 


was made on pelletizers of drum, disk, three-step 
disk, and cone types to ascertain the effects of vary- 
ing the diameter, depth, materials flow, inclination 
angle, rpm, and product strength. Results obtained 
on the drum, disk, and cone-type pelletizers are 
briefly summarized in Table IV. The drum- type 
pelletizer appeared to have large capacity, but the 
size distribution of the product was more widely 
scattered, the moisture content high, the strength 
lower, and thus the balling operation tended to suffer 
more difficulties. 


EFFECT OF SEMI-PELLET ADDITION 


Semi-pellet facilities were installed in the Green- 
awalt sintering plant in 1957, and since then the sys- 
tem has proved satisfactory. From November to 
December of the same year a Series of experiments 
were run in the plant to test for performance. 

Sintering was carried out by varying the amount 
of the semi-pellets in proportions 0, 10, 15, and 20 
pet, and the effects on the production rate, sintering 
conditions (bed permeability, pressure drop, waste 
gas temperature), and product quality were tested. 
The raw mix consisted of 39 pct pyrite cinder, 32 
pet imported ore, 11 pct mill scale, 15 pct iron sand, 
and 3 pct flue dust. The raw materials of the semi- 
pellet consisted of fine-sized pyrite cinders except 
for the Goa hematite fines of which 3 pct were used. 
The pyrite cinders used in the foregoing experiments 
were replaced in different proportions. Furthermore, 
to vary the size consist of the raw mix the fines con- 
tent of the constituent pyrite cinder was varied. 
Table V shows the details of the pyrite cinder addi- 
tion and the results of each test. 


As the proportion of the semi-pellets is increased, 
the bed permeability is improved and the charge per 
pan may be increased without affecting the yield ap- 
preciably. In the present test, production per pan 
was increased 10 pct from 6.2 to 6.9 tons and at the 
same time the coke consumption was decreased 
from 70 to 60 kg per ton. 

Variations of pressure drop and waste gas temper- 
ature during the sintering operation described are 
shown in Fig. 11. It is apparent from the lowered 
pressure drop and higher waste gas temperature that 
the sintering condition was improved by the addition 
of the semi-pellets. The quality of the sinter was 
also improved and the drop strength increased from 
74 to 80. During the same period tests were run with 
a batch experimental pan. A beneficial effect of the 
semi-pellets was noted as in the plant operation. As 
the fines content increases the effect of the semi- 
pellet addition becomes eminent. 

Use of the semi-pellets to the extent of 13 pct re- 
sulted in the increased production of 6000 to 7000 
tons per month and the semi-pellets of 17 pct of 
7000 to 8000 tons per month. 

In the Greenawalt sintering plant drum and cone- 
type pelletizers have been in operation and currently 
11,000 tons per month of semi-pellets are being pro- 
duced. In the DL sintering plant, newly built in 1960, 
the semi-pellet production of 20,000 tons per month 
is being planned. The layout of this plant is shown 
in Fig. 12. 


CONCLUSIONS 


In the present article the semi-pellet sintering 
method developed and currently being practised at 
the Hirohata Works is explained briefly. The method 
rendered the fine-sized raw materials easily sin- 
terable and has contributed greatly in the sinter pro- 
duction here since 1957. 

In Japan a wide variety of ore fines with different 
size consists must be utilized as sintering raw mate- 
rials. Examples are pyrite cinder, iron sand, mag- 
netic concentrate, mill scale, imported ore fines, 
etc. It is believed that the best method under such 
circumstances is to prepare semi-pellets from the 
fine-sized raw materials and mix them in the regu- 
lar sinter feed. In this case neither fine grinding 
nor strict control over pellet size is required. 

It could be seen that, in the future, the size con- 
sist of the available raw materials would suffer pro- 
gressive deterioration. Therefore, it is hoped that 
semi-pellet sintering will contribute more and more 
toward improving sinter production and product 
quality. 
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